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ABSTRACT 

Earlier hypotheses concerning the type and degree of metamorphism 
in a portion of the central Kootenay Arc are revised in the light of new 
data. Electron microprobe analyses of micas, amphiboles, clinopyroxenes, 
carbonates, feldspars, scapolite, epidote, garnet, staurolite and sphene 
from metamorphic rocks are presented. Chemical analyses were obtained 
on all rocks from which mineral analyses were taken, allowing discussion 
of controls on mineral composition by bulk rock composition. Mineral 
analyses from lower to higher grade allow systematic changes in mineral 
composition with grade to be evaluated, and reactions resulting in wide- 
spread assemblages to be discussed. The following reactions can be 
shown to occur in rocks from the central Kootenay Arc: 


1) 2Phengite + high Mg/Fe chl + S5qtz->bi + lower Mg/Fe chl + 
less phengitic mu + XH,0 


2)2 Phen tics 4,o3chl + cc + 2, 65qtz + 2ilm “or mt <> bi + ent 
+ 0.16 calcic plag + COs + XH50. 


3) 2Fe-ep + 0.16Al-act + 1.20 low An plag + 0.71 ilm=Al-ep + 
hb.+ higher-An. plac + 0.70.sph + 0.20°Ab +°1.50 qtz 


4) Fe-ep + 0.75 chl + 0.60 low An plag + 2cc —>Al-ep + hb + 
2.90 qtz + 2C05 + XH50 


5) Tr + 3ce + 2qtz—p5di + 3C0, + HO 

6) SDol + Sqtz + H,0-—pTr + 3cc + 7005 

Reaction 2 defines the garnet isograd and takes place at about 
430°C. Reactions 3 and 4 define the hombiende isograd and take place 
at slightly lower temperatures. Reactions 1 and 2 may take place simul- 


taneously in areas smaller than a thin section, as may reactions 5 and 
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6. Reaction 5 takes place at temperatures equivalent to those of the 
hornblende isograd in rocks of suitable composition. Temperatures did 
not exceed 530°C in the highest grade rocks. 

K and Na can be shown to be mobile during formation of metamorphic 
mineral assemblages from carbonate-rich rocks, cale-silicates and amphi- 
bolites. The reactions take place under varying conditions of £659 
P C05 and PHO: COs behaves as an inert or initial value component in 
carbonate~-rich rocks. 

Detailed work on a small area at the highest grade indicates that 
chemical equilibrium was not attained. Eleven biotite-amphibole pairs 
were analyzed for trace elements Ga, Li, Cr, Cu, Co, Ni, Mn, Rb, Sr and 
Ba as well as major elements. An additional 12 pairs were analyzed for 
major elements including Mn. Rb/Sr and K~Ar isotopic analyses were also 
carried out. Fe and Ti are not equilibrated between hornblende-biotite 
pairs, while Mg closely approaches equilibrium. Cu, Co, Ni, Zn, Ga, Li, 
Rb and Ba are not equilibrated, based on partition studies. Mn, Cr 
and Sr appear to closely approach equilibrium in most of the eleven 
pairs. Disequilibrium results from incompleted reactions in systems 
epen to K, Na and possibly Si and Al. 


Ten K-Ar ages were obtained from biotites on which trace element 


fu 


analyses were performed. They yield a mean age of 52 + 3 my and spread 
in age from 47 to 57 my. The eleven biotite-hornblende pairs were ana- 
lyzed for Rb and Sr isotopes. An age of 48 + 3 my was obtained from one 
pair thought to represent complete recrystallization of the minerals. 
This age is in good agreement with the K-Ar ages. Rb/Sr "isochrons" for 


the eleven pairs analyzed indicate incomplete homogenization of isotopes 


resulting from overprinting and lack of equilibration. The age pattern 
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indicates overprinting of an earlier Jurassic (2?) metamorphism by a 
later event occurring between 50 and 70 my ago. 

The Kootenay Arc has a long metamorphic history, beginning with 
Precambrian and Paleozoic sedimentation in a continental margin shelf- 
slope-rise sequence. The first metamorphic event occurred during the 
Jurassic (?), but its character is uncertain. Further metamorphism 
occurred between 50 and 70 my ago, and is characterized in the central 
portion of the Kootenay Arc by a high pressure intermediate temperature 
facies series lying between Barrovian and Glaucophane schist. Although 
the development of the Kootenay Arc can be related to the movement of 


the North American plate from Triassic to present time, evidence does 


not support placement of a subduction zone in the region occupied by the 


Kootenay Arc. 
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igneous rocks from the Kootenay Arc. 

b. Histogram plot of K-Ar ages for 
metamorphic minerals from the Kootenay 
ATG. 


Rb-Sr "isochron" plot for mineral pairs 
from Kootenay Point. 


Extraction procedure for trace elements from 
biotites and amphiboles. 
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CHAPTER I 


STATEMENT OF THE PROBLEM 

Two major problems are discussed in this thesis. The problems 
are interrelated, but for purposes of clarity they will be dealt with 
separately. The first problem concerns the conditions of metamorphism 
in the central Kootenay Are of British Columbia and stems from the ori- 
ginal aim of this project to investigate the nature of chemical equili- 
brium in rocks of medium metamorphic grade. 

For the last 75 years it has been known that metamorphic rocks of 
medium and perhaps higher grade crop out in a rather narrow band on the 
east and west sides of the central portion of Kootenay Lake. Crosby 
(1968) discusses these rocks and has placed Barrovian isograds on his 
zeological map. Fyles (1967) has done similar work in the area of Ains- 
worth on the west side of the lake. Regional reconnaissance by this 
author in 1970 revealed several inconsistencies in the previous work. 
An expanded regional study was undertaken to better define the type and 
degree of metamorphism in the area, particularly with respect to reac- 
tion isograds and stably coexisting assemblages. Several lithologies 
are present in the region studied. The lithologic variation compli- 
cates clarification of the metamorphic relationships, but intensive 
chemical study of the Kootenay rocks has provided a somewhat clearer 


interpretation. 


The question of chemical equilibrium in rocks from the medium 


grade portion of the central Kootenay Arc comprises the second part 
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cf this thesis. Discussions of metamorphic petrogenesis have Long 
been dominated by an essentially static approach to the question of 
metamorphic reactions and phase assemblages. For the most part, 
regional metamorphic terrains have been viewed as closed systems in 
which chemical equilibrium has been attained or closely approached 

in all phases present. This interpretation has allowed the use of the 
phase rule of Gibbs to construct essentially static diagrams of stably 
coexisting minerals in a rock system. More recent work, especially 
with the electron microprobe, has turned up several inconsistencies 
within the older model. Garnets and amphiboles, as well as feldspars 
and epidote, have been shown to be zoned. Some studies of trace ele- 
ments show that contiguous coexisting minerals are out of equilibrium 
with each other for some elements but not for others. Other work has 
indicated that there are domains of equilibrium, and that these may be 
very small. Isotopic studies indicate that models involving incomplete 
equilibration may be proposed for some metamorphic terrains. 

The second half of this thesis discusses and tries to quantify the 
degree of equilibrium or disequilibrium in a small, chemically diverse 
section of the Arc. To this end major, minor and trace element mineral 
chemistry, Rb/Sr and K/Ar isotope data, whole rock chemistry and more 
classical methods in petrography and petrology have been applied to 


carefully selected rocks from this section, 


EOLOGIC SETTING 
The Kootenay Arc is a narrow band of highly deformed Precambrian, 


Paleozoic and Mesozoic rocks stretching from Revelstoke, British Colun- 


bia, southeast, south and southwest to Washington state (Fie .gd)'. The 


Arc may extend for more than 100 km into the state of Washington, but 


i ’ \ : er 


“aot wy pal. ebnanesy ord 3e ptt Ie 


- ” aghavcoup: wis 07 HSeoT eae, stipe Vitehionele mat 
ud tind Peeie ais 20 eoRmbtnRe ty: yecg rig. baer “von 


q me 1 
ST? smdeye beedin as swale (islet: ‘ays Ort hewret oak P 
batoguatas phesel. sr bsat~esss rade ow aaa a 3h 
eee i \ G ae a 1 Sis ys nF 
od Joon Sid: Gowolte wid": ris Gad =a aagietn agit _tismadity x 
‘ - aT ‘i wo. 
nae ge hn ot) hie Bh, 


26920 20 etimeFl nigmi> vilokbtasers TNS ata Cale te 
d @ te 

iy? A rh Tees Me a, 

villi t ISS y tO9) Soy ae sok Pek: ee z! Pairs si 2 1 Ei 


; “ r Lf 7 ie 
~ 7 ‘ e 4 ¢ 
ef te “ « * 7 fo) v 
ay his dnt feswyca Mec fete anit oe bi (i head 7 
SPAIBPI GAO NAL LAs ves. ON. offs aal Seed Pie 
+ aa i 


. ' - 


, oa an : a - 
aTSiede] © & ASSW es 25 fod ts! ope te ap pu ‘ amt TOU, vit, cm 
i , ne ; 


© ein or * | 7 ah 
ele wbet? Bo ae lbiune ene, baibk, 98 OF: mietlonticy naga bait 


Fs oa “ie li 
: b ( e ¥ + 4 ey R aaa te: vy 
MeSTELl fips 1°29 Shi ielsysaing s Pisa the oo aia unseen 
a if 
che : e ae 
enh gti ays 1} eee. tai ' oe , a. © ] - 
F Wc. Fe Bd ae eh § P| JO b34j ai, 7 ars ib abe a ivy 
= : gs x : 7 ba 


3d ad pres oat J Lines Part iste it taps, ta arth > git = 
: ‘ aye 


svatedbant ont aus V5" Skohedt sElies tes bart velit ‘amiapet 


° * 


> Se ce SHY 21 ‘ - wy id gtd aierina a 8, sy ee . sh. “sation, “oe “4 Ne 


ie 


ods BPigenwy o2 asiz te BIBLE ahh egos ois AG: “dai | 
‘ . | = } 7 y » Sas at, ¢, 
sertey lity anni ition tg mt seating to sn ah, sé: ae 
[V2 ae 


Kieran seam atsy9 es  Rodee Pi es a is a Ah ite oe 
Stent. bre eset aig sport" sind agaioe Ahi he sas pe és 
ot dh eat cond tae bs a ase ont P 


. 
. 


mi 
t| i! 


TH 


FIGURE | 


THE KOOTENAY ARC 


BRITISH COLUMBIA 


FERGUSQY 


METALINE 


ye 


| MD Taretiee +) ‘ 
1 ‘ =) 


correlations beyond Metaline Falis are uncertain. Rocks within the 
Kootenay Arc have experienced varying degrees of regional and contact 
metamorphism. The highest grades are from the central portion of 
the Kootenay Arc where kyanite and sillimanite have been reported 
(Fyles, 1967; Crosby, 1968). 

The region has a fairly long history of exploration, stimulated 
by the occurrence throughout the Are of both small and large deposits 
of ore. First reports of mapping in the Kootenay Are were from Schofield 
in 1920, but geological exploration predates this report by a number of 
years. The first detailed maps are attributed to Walker (1928), Cairnes 
(1928) and Walker and Bancroft (1929), while later workers include Rice 
(1941), Park and Cannon (1943), Little (1960), Fyles and Eastwood (1962), 
Fyles (1964, 1967) and Crosby (1968). 

This study concerns the centrai portion of the Kootenay Are west 
of the Nelson batholith (Fig. 1). The central part of the Kootenay Arc 
has been mapped by Rice (1941), by Crosby (1968), and in part by Fyles 
(1967). Mapping by Cominco geologist Paul Ransom continued until 1971, 
while this author collected in the area during the 1970-71-72 field 
seasons. No attempt at exhaustive mapping has been made by this author, 
The map presented in Fig. 2 is the result of a synthesis of the present 
work and that of Fyles (1967) and Ransom (pers. comm. 1972, 1973). 

Correlations both within and outside the map area are complicated 
by the intense deformation and moderate metamorphism of the rocks. 
Although metamorphism has not always destroyed original bedding, it has 
destroyed such features as grading and eS, and extensive 
deformation has often created structures which simulate bedding. 


Lithologies of several formations are similar, making transitions dif- 
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ficult or impossible to map. One marker horizon exists (the lower- 
middle Cambrian Badshot Formation), and most lithologic mapping was 
done by using this formation as a reference, The map presented should 


be considered with these problems in mind, 
LITHOLOGIES 


Precambrian Horsethief Creek Group 

The Horsethief Creek Group marks the top of the Windermere Group 
as mapped by Walker (1928). It conformably overlies the Toby Conglom- 
erate and conformably underlies the Hamill Group. In the type area, 
the Horsethief Creek Group consists of gray-green to purplish slate 
with several beds of lenticular conglomerate and quartzite and numerous 
thin interbeds of blue-gray, crystalline, mostly non-magnesian lime- 
stone (Walker, 1928). In the map area the formation is composed of 
rusty-red, greenish or black phyllites and bluish-gray carbonates 
with occasional blocky bands of reddish quartzite. The phyllites 
contain muscovite, chlorite and small amounts of biotite and carbonate, 
while the more greenish phyllites contain actinolite and chlorite. 
Carbonates contain calcite, dolomite, quartz and muscovite. Rocks of 
the Horsethief Creek Group are expased from Lockhart Beach north to 
the contact with the Crawford Bay Stock, and along the extreme north 
eastern edge of the map area. Transition between the Horsethief Creek 
Group and the lower member of the Hamill Group is obscured by metamor- 


phism and folding. 


Cambrian Hamill Group 


The Hamill Group was placed in the Precambrian Windermere Group 


by Walker (1928), Walker and Bancroft (1929), and Rice (1941). This 
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assignment was made because of the absence of fossils in the area and 
still remains uncertain today, as good fossil localities do not exist 
for the Hamill Group throughout much of the Kootenay Arc. Little (1960) 
marks the Cambrian-Precambrian boundary at the lowest formation bearing 
Lower Cambrian fossiis, which in the Nelson area is the lower limestone 
of the Laib Group (Reeves member). Park and Cannon (1943) report 
fossils (Olenellus) from the Quartzite Range Formation, which has been 
correlated with the Hamill Group (below the Reeves member) and a lower 
Cambrian age may be assigned to the Hamill Group on the basis of these 
correlations, 

In the map area the Hamill Group is separated into two divisions 
by Crosby (1968), and two formations are defined by Fyles (1964) from 
the Duncan Lake area. The lower member (Marsh-Adams Formation) is a 
micaceous, locally garnetiferous quartzite and gray mica schist with 
thin lenses of buff weathering limestone (Fyles and Eastwood, 1962; 
Fyles, 1964). Wheeler (1963) describes intercalated greenstones 
within the Hamill Group in the Rogers Pass area. These eee are 
described as amygdaloidal and pillowed, occurring with breccia. They 
rapidly thin and die out to the south. No such intercalations are 
reported by Fyles and Eastwood (1962) or by Fyles (1964), and no green- 
stone members have been observed within the formation by the author. 
Crosby (1968) considers that amphibolites representative of the green- 
stones do occur within the Hamill Group on the east shore of the lake, 
but the author considers these units to be infolded Lardeau Group. 

In the map area, Hamill Group rocks are represented by massive 
gray or grayish-white dolomitic limestones containing calcite, dolomite, 


tremolite, diopside and phlogopite or by calecarecus schists with quartz, 
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feldspar, muscovite, biotite or chlorite and epidote. Dark gray or 
silvery gray quartz, feldspar, biotite, muscovite, garnet schists 
appear on the west side of Crawford Point and the west side of Craw- 


ford Bay and are probably representative of the Hamill Group. 


Cambrian Badshot Formation 

The Badshot Formation is the best marker horizon in the Kootenay 
Arc. In the type area (Badshot Mountain, Ferguson Area) (Fyles and 
Eastwood, 1962) the Badshot Formation is a massive limestone with 
dolomitic and siliceous layers up to 305 m thick. In the map area it 
ranges from 15-100 m thick and is repeated several times by isoclinal 
folding and thrust faulting. The Badshot Formation has been correlated 
with the lower member of the Laib Group (Reeves member) by Little (1960) 
and with the Badshot Formation in the Rogers Pass area (Wheeler, 1963). 
It may grade into the Maitlen phyllite of the Metaline Quadrangie, 
Washington (Little, 1960). The Badshot Formation is placed in the 
Cambrian on the basis of these correlations, as the Reeves limestone 
contains archeocyathids which are also found in the Badshot Formation 
in the Rogers Pass area. Assuming the correlation to be valid, the 
ambiguity of the age of both the Badshot Formation and the overlying 
Lardeau Group are removed, placing both in the Cambrian and not in the 
pre-Cambrian Windermere Group as suggested by earlier workers (Walker, 
1928; Walker and Bancroft, 1929; Rice, 1941). 

In the map area, the Badshot Formation is represented by pure white, 
coarsely crystalline dolomitic marble, which often contains smaller 
amounts of diopside, tremolite and phlogopite. On the east side of 
Ciaiidrd Bay, the Badshot Formation lies in contact with a small pegma- 


tite body, and within 9 m of the contact displays a spectacular range 
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of pegmatitic crystals of diopside and tremolite up to 1.5m long and 
50-75 cm thick. The Badshot Formation is also correlated with the 


famous Bluebell Limestone, host of the Bluebell orebody. 


Lardeau Group 
The Lardeau Group lies firmly in the Cambrian and has been divided 

into six formations by Fyles and Eastwood (1962) and Fyles (1964). 
They are the Index, Triune, Ajax, Sharon Creek, Jowett and Broadview 
Formations. The author considers that only the Index Formation and 
possibly the Triune Formation are represented in the map area. Rocks 
of the Lardeau Group have been intensely deformed and possibly intruded 
by basic sills of Kaslo age, hence lithological differentiations are 
impossible to make with any degree of confidence. In the type area, 
the Index Formation is divided into a lower carbonaceous and siliceous 
argillite interbedded with limestones and slate, and an upper quartz 
muscovite-chlorite metavolcanic intercalated with limestone. No such 
division appears possible in the map area, as all types are complexly 
interfolded by tight isoclinal folds. On the west side of Kootenay 

eke, the Princess and Early Bird Formations may correlate with the 
Triune Formation (Fyles, 1967). The lithology of the Lardeau Group in 
the map area is very similar to that of the Hamill Group and even more 
closely resembles that of the Milford Group. The author considers that 
the Lardeau Group may be separated from the Hamill Group by its peer 
bolite content and generally higher limestone content. Intercalated 
pods of amphibolite and limestone appear to be common in the rocks of 


the Lardeau Group. On this basis, Lardeau Group rocks appear to repeat 


within the envelope of the Badshot Formation in the northeast quadrant 


a a Ca stingers Aims, pled ayaa to paleqawte 249 
| int oft barivvios. cele at soisanse? gotabas of 


, petiaze Liedaul fs. t0 seed, -sousqombs. t 


bs 
~ 


ql ' , F we t ‘ i ‘ wy ; = ~The a ; 4 abil r: Pe ¥ 
BODIVED qaad asit ban maiko? ai: 2931 goag0 peobpal ) 
: 7 a 


a, eee ee yl ian ; ‘ a 
seg) arky? bam. (S901), beowtead bes aslya: yd anol ppm OF wi 2 ; 
P } m bg inn pas 


Err et) ae aoe ie as ae cial: -<caelt ae 
Jekvboorl Br 446 VOU ,A0S1) Hoteic ,za8fh ,sovka? eae ae ae 


Toren ay : sae i . - . 
on snlsoorted. wap: ig Dar ry : SPL. | ee ar tink, oth’ ® 
HADaz bY x i aber es ha. ’ t threat onytay Pe 
Sie al f Z c AY 
Shiwtsne vwidilies wh -honeats Ph Sena% pe} oe bei 
feria; NAzog Donxay sl OTIS $1 92p Svea tna 


os i aire Multgouwii tb I i gett rare er Shand rep ales 

| Sis Bey od nl \ eeeihitnos’ 20 5% inh oy 13 bu aha dat 

eaves b > Bee di bcpes ih i 4 - get: pe et bs ia madniy ti 
| windesp aby iS bes hat vr bs bins ae yoBak® gd  bobbedy 

y ts : deangwniaes 4 abs 

| olnes Loraden ‘erha — 

,5676 wad mil} wi edd tng omaha 


WEHaSGOX 26 “bbe tanw oes of aeict Last Rade igs we J 


eeaaeamS. Sie adyey [ha ee 


oft doty etaelar sos 


Yq apelinatey bs.ke ob “3. btig mst 2 ‘ 
| on ; 5 ? ts | tay f i 
fat qeos?) vgshes] aH 7 ween pkoeia it. om OGL, patel) SO | 


Aeee: are ee. Cpe si ae = bey) na oS wad feze vyev “sen 


tan rene agiltys band Wed: ratte oda as sai walkie 


of the map and to be interfolded with the Hamill Group throughout 
the map area. 

The Lardeau Group in the map area is represented by a large vari- 
ety of rock types and mineral assemblages. Greenish banded calc~sili- 
cates and large amphibolite boudins are the most common rock types. 
Calc-silicates vary from 10 - 50% calcite + dolomite, and all contain 
diopside, tremolite-actinolite, hornblende, epidote, microcline and 
plagioclase with varying amounts of biotite. Minor chlorite occurs, 
and scapolite has developed in many samples. Amphibolites contain 
varying amounts of biotite, clinozoisite, chlorite and actinolite with 
or without garnet. Lower grade equivalents contain larger amounts of 
chlorite and actinolite. Interbedded with the above are thin layers 
of calcareous, micaceous schist and a few bands of pelitic schist 
containing garnet at higher grade. As the east side of the lake is 
approached, an increasing number of largely concordant pegmatites occur, 


and small to medium sized discordant dikes of aplite cut the various 


members. 


Milford Group 

Rocks of the Milford Group crop out in the western portions of 
the map area and are quite similar in lithology to those of the Lardeau 
Group. The Milford Group is difficult to distinguish because Kaslo 
Group rocks have been infaulted into it, producing patches of amphi- 
bolite almost indistinguishable from those in the Lardeau Group. The 
Milford Group appears to span a considerable amount of geologic time, 
being correlated outside of the map area with rocks of Carboniferous- 
Permian and Triassic age. Milford Group rocks appear in the Fergu- 


son area (Fyles and Eastwood, 1962), as well as in the Duncan Lake 


area (Fyles, 1964) and may be found south of the map area (Rice, 1941; 
Little, 1960). The Milford Group consists of limestones interbedded 
with calcareous and non-calcareous schists and quartzites. In the 
Ainsworth-Kaslo area they are intruded by sills of Kaslo age (Fyles, 
1967). 

Milford Group rocks are represented by massive to thinly banded 
dolomitic limestones which appear biue-gray in fresh outcrop. Thin 
bands of rusty-weathering calcareous muscovite-biotite schist, locally 
garnetiferous, are found interbedded with the carbonates. Mineral 
assemblages are simiiar to those of Lardeau Group rocks with tremolite- 
phlogopite “gneisses" and diopside-actinolite-microcline-plagioclase- 
quartz banded gneisses. The Kaslo intrusives are biotite amphibolites, 


occasionally garnetiferous. 


Kaslo Group 

A thick series of andesitic volcanics and associated diorites 
occur in the type area of Slocan and Upper Arrow Lakes (Cairnes, 1928). 
They overlie rocks of the Milford Group in the type area, and are thus 
of probable Triassic age. In the present map area they are considered 
to be intrusive into the Milford Group, and are represented there by 


hornblende schists and gneisses. 


Slocan Group 

The Slocan Group is represented by a small outcropping in the 
extreme northwest corner of the map area. Rocks of the Slocan Group 
are interbedded gray and white, fine-grained crinoidal limestone, dolo- 
mite and slate or argillite overlying the Kaslo volcanics. The Slocan 


Group is also considered to contain some volcanics (Cairnes, 1928), but 
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these -do not extend into the map area. Fossil assemblages place the 
Slocan Group in the Triassic. No samples from the Slocan Group were 


obtained for this study. 


Intrusive Rocks 

The entire Kootenay Arc is sandwiched between large granitic, 
granodioritic and syenitic intrusives of Jurassic-Cretaceous and Ter— 
tiary age (Fig. 1). Little (1960) considered that rocks of the Kootenay 
Arc were wrapped around the Nelson Batholith, but examination of the 
work by Fyles and Eastwood (1962) and Fyles (1964, 1967) shows that the 
Are extends well beyond the Kuskanax Batholith to the north, Ey corre- 
lation with cob and Oe acl a in Washington extends the Arc well to 
the south of the Nelson Batholith. These large batholiths provide a 
barrier (or transition) between the Shuswap metamorphic complex to the 
west and the folded metasediments to the east. Extension of the Shus-— 
wap complex into the United States indicates that this is true for the 
whole of the known Arc. 

The largest intrusives are composite batholiths of Jurassic-Creta- 
ceous age. Intrusion of these batholiths has deformed the metasediments 
of the Arc and created metamorphic aureoles up to 1.4 km wide. The 
large batholiths are granodioritic, with granitic and sometimes more 
basic portions, often porphyritic with large phenocrysts of potassic 
feldspar. Smaller intrusives include the Crawford Bay Stock and 
numerous aplite and pegmatite bodies too small to map. The Crawford 
Bay Stock is described * a porphyritic biotite-granodiorite by Crosby 
(1968). Thin sections examined by the author indicate that it has 


syenitic affiliations and that some parts of the body are quartz-syenite. 
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The smaller aplite and pegmatite bodies are often syenitic (espe- 
cially the aplites). These bodies may be either concordant or discor~ 
dant, but the larger pegmatite bodies are largely concordant, while 
most of the aplites observed were discordant. Some of the smaller 
bodies have associated aureoles up to 10 cm wide. Many of the smaller 
bodies, and portions of the larger intrusives, have textures indicative 


of cataclasis. 


STRUCTURE 

Structure in the Kootenay Arc is complex in detail, but in general 
remains remarkably constant throughout the entire arc length. The 
structure is defined by N to NW trending, northward plunging isoclinal 
folds, with deviations from the trend in the vicinity of the batholiths. 
Axial planes are nearly vertical or dip to the west at high angles. 
This pattern of dip changes locally, and probably changes regionally 
as the curvature of the arc changes. For instance, in the Ferguson 
area, axial planes dip southwest at 70-80° (Fyles and Eastwood, 1962), 
whereas in the Metaline Quadrangle, dip of the axial planes is approxi- 
mately 80° southeast (Park and Cannon, 1943). Faults trend in the same 
direction as the strike of the axial planes of the folds, except for 


radial folds which are related to the batholiths (Little, 1960). 


Three phases of folding were recognized in the area by Crosby (1968). 


Phase I and Phase II folds are co-axial, with a third phase having axial 
planes approximately perpendicular to the first two. All authors work- 
ing in the Arc agree that two phases of folding exist, but Fyles (1964, 
1967) and Fyles and Eastwood (1962) do not recognize Phase III as such 
and group this type together with minor folds in the area to the north 


and south of the map area. There is some ambiguity in the definition 
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of the phases of folding, especially in regard to scale. Phase I folds 
are defined by all authors as isoclinal, and can only be recognized by 
study of Phase II folds, but no Phase I closures have been observed. 
Phase II folds are more open than Phase I. Where refolded Phase I 
folds are present, they acquire the S shape of the Phase II folds. 

Crosby (1968) defines Phase II folds as the smaller of the two, 
in direct contradistinction to Fyles (1964) who defines them as large 
antiformal or synformal folds. Crosby finds that Phase II folds may 
be defined in large outcrops by lineation, axes of minor folds and 
attitude of the first foliation. In the central Kootenay Arc, identi- 
fication is more difficult due to poorer outcrop and difficulty with 
definition of local stratigraphy. The present author suspects that 
Phase I and II folds have been misidentified in portions of Crosby's 
work due to the above factars. 

Unlike the Phase I and II folds, the minor folds (Phase III of 
Crosby, 1968) are readily identifiable in outcrop. They are crenula- 
tions of variable spacing along schistose beds, with axes dipping to 
the west, 

General structural styles can be recognized, however, and will be 
briefly mentioned here since they have bearing on the genesis of the 
Arc. The structural style appears to change from more open isoclinal 
folds to the west to tight isoclinal folds in the east. Isoclinal folds 
May be recognized on both sides of the lake, but the west side is com- 
plicated by a series of faults and by the presence of the Nelson Batho- 
lith. Fyles (1967) considers that there is no complete stratigraphic 
section on the western margin of the area and describes the structure 


and stratigraphy in terms of four fault slices. Examination of his 
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structural cross~sections shows complexly folded and sheared Kaslo 

and Milford rocks adjacent to the batholith with folds opening as the 
lake shore is approached. The rocks are folded into isoclinal folds 
interrupted by faults and distinguishable between fault slices only by 
careful stratigraphic mapping. On the eastern shore, the relatively 
less competent Lardeau rocks are overturned to the east, and folding 
becomes tighter as the eastern margin of the map area is approached. 
Tight isoclinal folds and thrust faults have repeated the Badshot and 
infolded the Hamill and Lardeau Groups. This style of folding resembles 
the "fan" type structures farther to the north. Part of the structural 
difference may be ieoats varying lithologies across the section and to 
the effects of the intrusion of the Nelson Batholith. These problems 


will be more fully discussed in the conclusions. 
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CHAPTER IT 


WHOLE ROCK CHEMISTRY AND METAMORPHIC MINERALOGY 


INTRODUCTORY STATEMENT 

Crosby (1968) defined metamorphic isograds based on classical 
index minerals found in the pelitic rocks from the Arc. On this basis 
he identified the chlorite, biotite, garnet, staurolite, kyanite and 
sillimanite isograds. In the course of this study, it became obvious 
that the metamorphic ered given by Crosby was in need of revision. 
The first problem lies in definition of isograds. Actual pelitic rocks 
are rare in the central Kootenay Arc; most micaceous schists examined 
contain modal calcite, placing the rock in a different chemical sys- 
tem from that of pelites. The second problem lies in the fact that 
the rocks are polymetamorphic and that a later retrogressive event 
has affected parts of the region studied. Retrogressive Seeseee have 
caused misidentification of index minerals such as kyanite and silli- 
manite. Crosby (1968), in his modal analyses, lists up to 30% pseudo- 
morphous kyanite and small (generally < 1%) percentages of sillimanite 
from relatively few rocks. Pseudomorphs after cordierite are also men- 
tioned. These rocks come from Riondel peninsula, from near the sum- 
mit of Bluebell Mountain, from Woodbury Point and from the south- 
western section of the map area near the lake shore. The author has 
examined about 400 thin sections and polished thin sections from the 


central Kootenay Arc and has failed to find sillimanite or kyanite on 
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any regional scale. No cordierite has been identified. The two occur- 
rences of sillimanite found by the author are from the immediate contact 
with the Crawford Bay Stock, and one occurrence of kyanite + staurolite 
from Woodbury Point is found sandwiched between two syenitic bodies. 

No rock found outside the aureoles of intrusive bodies has yielded any 
of the three higher grade index minerals. 

The third problem lies with the superposition of the stratigraphy, 
structure and isograds. Both Crosby (1968) and Fyles (1967) recog- 
nized the fact that the isograds trend north-south, parallel to bedding, 
strike and axial planes of the folds. Because of the varied litholo- 
gies across section, one rock type cannot be used to define the entire 
series of metamorphic changes. The Lardeau Group rocks span the largest 
temperature-pressure (?) gradient, but they are composed mainly of cal- 
careous and basic lithologies. Isograds, therefore, must be defined 
for many lithologies, and reactions are probably more indicative than 


index minerals. 


SAMPLING PROCEDURE 

An original aim of this project was to discuss chemical equili- 
brium in metamorphic rocks of moderate metamorphic grade. To do this, 
it was necessary to control as many natural variables as possible, 
Because the conditions of certain reactions differ from others on the 
basis of bulk chemistry, fugacity of volatiles, etc., the maximum chem- 
ical variation was sought in order to allow the broadest generalizations 
to be made. At the same time, it is desirable to choose an area where 


the intensive variables T and ‘ae are constant for the range of chemi- 


cal variation. An area 125 m square just north of Kootenay Landing was 
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chosen for its chemical variability. /Because little section is inter- 
sected, it is likely that T and P,.,. would be the same for all samples 
collected, Some 108 samples were collected, about 65 of them in tra- 
verses across the small point (See Fig. 3 for sample locations). Care 
was taken to sample across "bedding" and across contacts with pegmatite 
and aplite bodies. Sample spacing is tight, so that all variations 
could be examined. AJ1 samples were thin-sectioned and examined care- 
fully before choosing suitable assemblages for microprobe study. Forty- 
four assemblages were chosen for further examination, and coexisting 
phases within these slides were analyzed by electron microprobe. 

in addition, it was necessary, because of the uncertainties found 
in the regional studies, to try and define metamorphic isograds and 
metamorphic reactions within the region. To this end, regional recon- 
naissance and collecting was undertaken. Two hundred rocks were col- 
lected in the region outlined in Fig. 2 (sample locations in Fig. 2), 
and several hundred specimens in the Cominco collection were examined. 
From all the rocks, 28 specimens were chosen for further analysis by 
electron microprobe. These samples were chosen with the following 
ericeria in mind: 1) Pelitic rocks from all grades needed to be examined, 
since the greatest amount of quantitative data exists for these rocks. 
2) Where possible, calc-silicate and amphibolite rocks were collected 
immediately adjacent to the pelites. Specimens of these rock types 
were collected near the pelitic rocks where they were not directly adja- 
cent. 3) Rock types were chosen to be representative of assemblages 
found for the same or similar rock types at the same grade from the 
200+ thin sections previously examined. 4) Samples were collected as 


far as possible from known large intrusives bearing visible contact 
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aureoles, except where the assemblage’ was unique (as in 12WP-2, 2A 
and 11CBT-15). Rocks were unweathered. and showed few, if any, signs 
of retrograde metamorphism. 

Rocks analyzed from both the Point and the region are represen- 
tative of all rock types found in the area with the exception of basic 
lamprophyre dikes. The following sections deal with the chemistry, 
mineralogy and petrology of these rocks. The treatment of analytical 


methods can be found in Appendix l. 


WHOLE ROCK CHEMISTRY 

Because a great many studies of metamorphic petrogenesis lack 
comprehensive data on composition of the rock system in which the meta- 
morphic minerals formed, conclusions oder the chemical variations with 
grade are always hampered by doubts as to the controls of bulk chemistry. 
Some circularity exists in any reasoning concerning chemical controls 
on mineral composition, since the rock composition is the result of the 
sum of the compositions of the mineral constituents. Ratios of major 
components may not be controlled by bulk composition alone, but may be 
influenced by the coexisting mineralogy, especially in systems peaiver 
than a hand specimen or thin section. 

Whole-rock compositions were obtained in two ways. Rocks from 
Kootenay Point were analyzed by X-ray fluorescence in the laboratory 
of J. G. Holland, Durham University (Table 1). Standards were included 
in the run to check the accuracy of the XRF data. The XRF data from 
Durham are not too satisfactory for quantitative analysis, and large 
errors are encountered in Al 703, MgO and NajO values. Necessity dic- 


tates use of the data within this thesis, but they are useful only for 
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illustration of trends. Ratios of elements are not very accurate, 
especially with regard to Al,0., but they should, when used in suffi- 
cient numbers, allow trends to be discerned. Further discussion of the 
accuracy of these results can be found in Appendix 1. Whole rock compo- 
sitions were determined for the 28 regional rocks studied following the 
method of Friedman (1960) (Table 2). The procedure was modified to the 
extent that chemical analyses of minerals from thin sections were used 
in the calculation. An analysis of standard T4~8 was made as a check of 
accuracy. Comparison of results indicated that analyses are accurate to 
within + 5% of the total for most major elements. Larger differences 
are noted for minor elements and £ox Na,O and K,0. See Appendix 1 for 
discussion of results. Modal analyses of both the regional metamorphic 
rocks and rocks from Kootenay Point may be found in Tables 3 and 4, 
Rocks from the Point are, with a few exceptions, divisable into two 
categories on the basis of both Niggli values and comparison with the 
plots of Winkler (1967) (Fig. 4). The larger group, characterized using 
Niggli values as femic-calc-alkaline or femic silicate rocks, plot in 
the region delimited by Winkler as ultrabasic or basaltic rocks. The 
remaining large group of rocks are characterized by Niggli values as 
femic silicates, but the si value is very much lower than that for the 
other group, reflecting a greater enount of carbonate. Not ail rocks 
in this second group are true carbonates, however, as examination of 
Table 4 will show. Several are more siliceous than a true carbonate, 
containing up to 80% tremolite, but the nature of the si calculation is 
euch that al + ct alk fim is used as a factor. Thus, high CaO, MgO, 


FeO rocks (such as would be expected of rocks containing calcite- 
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dolomite-tremolite and/or diopside) give very low si values. In 

these cases, mg is quite high, indicating the presence of magnesium 
silicates and dolomite. No true calc-silicates exist, there being not 
enough Si05 (or, in some cases, CaQ) to produce a true calc-silicate 
assemblage. In the first group, by contrast, the mg value is lower, 
but more variable. The chief variation is in Al,0. (Fie 4) 8 ‘rhe 
rocks are grouped within a fairly narrow range of MgO + FeO; the remain- 
der of their position being determined chiefly by Al j03 (and Ca0) 
variation. This variation is reflected in the modes, in which rocks 
lying closer to the A apex contain more feldspar or biotite (or horn- 
blende) than those lying farther away. Those lying near the C~F base 
contain more tremolite-actinolite, diopside or carbonate and less feld- 
spar or hornblende. 

Six rocks do not fit into either of the first two groups according 
to the Niggli values. All but two lie within the fringe areas of the 
two groups. These rocks (18, 21, 38, 40, 42 and 43) are characterized : 
either as calc-alumino-, alk-alumino- or calc-alk-aluminosilicates. 

Four of the six lie close to or in basalt-andesite group (18, 21, 42, 
43). 

Some rock compositions lie outside the ACF and AKF plots (85439, 
44), The reason for this can be traced to the accuracy of the analyses. 
If a large error in Al703 occurs, and the error places the aluminum 
content below the real value, the A component of the ACF diagram becomes 
negative, placing the point below the C-F line. Points that plot out- 
side the ACF diagram generally have negative A values. Those rocks 
falling outside the plot are generally high carbonate rocks, with low 


si values, similar to those plotting in Group 2. 
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Regional rocks, in contrast to those from the Point, are a consi- 
derably more heterogeneous group. Their compositions are represented 
on ACF and AKF diagrams (Fig. 5) and their modes are given in Table 3. 
The analyses are presented in Table 2. Comparing Fig. 5 with those of 
Winkler (1967), it can be seen that the rocks fall into all four fields 
represented. The largest number of rocks do not fall within any group, 
but approximate clay or clay-carbonate mixtures. The next largest 
group plots in the graywacke field, followed by ultrabasic and basaltic 
rocks and finally marls. 

Using the Niggli values derived for these rocks, seven types may 
be recognized; eight when the si value is used. These seven types 
encompass nearly the entire range of silicate rocks given by Niggli 
(1954), including femic-calc-alkaline, femic silicate, calc~silicate, 
calc-alumino-silicate, alkali-calc aluminosilicates, alkali aluwmino- 
silicates and aluminosilicates. Generally, the rocks with low si 
values are femic, but have high mg values, as with the Point rocks. 

The rocks with higher si values have lower mg values. The carbonate~ 
rich rocks are higher in mg generally, but some contain considerable 
tron, resulting in lower mg values. This iron is not held in the car- 
bonates, but is held mainly in sulfides. 

The chief compositional differences between the Point rocks and 
the regional rocks are silica and alumina content. They also differ 
in variability; a function of their sedimentary parentage. The rocks 
corresponding chemically to graywackes clearly derive from sediments, 
as do the high carbonate rocks, but those falling near or within the 


basalt-ultrabasic field may be derivatives of volcanic or mixed vol- 
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canic and sedimentary rocks. The carbonates are never pure, always 
containing up to 30% detrital quartz and feldspar (seen only in the low 
grade rocks). Although several formations are identified in the area by 
Fyles (1967) and others, lithologies within any one formation may be 
much like those in another, chemically and petrographically. The chief 
problem lies in their lack of continuity either along the strike or 
Wetdsa the stratigraphic section. This lack of continuity necessitates 
caution in defining metamorphic grade in the region, 

In summary, the regional metamorphic rocks are found to be hetero- 
geneous, indicative of diverse origins for the various rock types. 
Rocks from a restricted area show less variation, but define two dis- 
tinct groups. The compositional variations indicated in this section 
will be applied in the next section dealing with metamorphic mineralogy 
in order to separate bulk rock compositional controls on mineral com- 


position from other variables. 
METAMORPHIC MINERALOGY 


Muscovite 

Muscovite is perhaps one of the best indicators of pressure- 
temperature conditions of metamorphism, in the absence of the classical 
index minerals andalusite, kyanite and shi 1iandtet Where index miner- 
als are absent or multivariant and non-isochemical rock systems are 
present, muscovite provides perhaps the best indicator of metamorphic 
grade (see Butler, 1967). Work by Lambert (1959), Ernst (1963), Velde 
(1965, 1967b, 1968), Butler (1965, 1967), Brown (1967), Mather (1970), 
Ernst et al. (1970) and Cipriani et al. (1971) have established the 


relationships between phengite composition and pressure and temperature 
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of metamorphism. Yoder and Eugster (1955a, 1955b), Velde (1965, 
1967b), Iiyama (1964) and others have established stability ranges, 
extent of muscovite-paragonite solid-solution with temperature and 
composition of the fluid phase, and reaction curves for important 
metamorphic reactions. Brown (1967), Guidotti (1969), Wenk (1970) and 
others have discussed the relationship between muscovite composition, 
bulk rock composition and coexisting mineral phases. This volume of 
work has established definite patterns within which composition of 
white mica varies with temperature and pressure. 

Velde (1967a, 1967b, 1968) and Butler (1967) believe mee the 
composition of the rock does little to influence the composition of 
muscovite with respect to sift and Al, and to a much lesser extent, Fe 
and Mg. Disagreement has been expressed by Brown (1967) and by Guidotti 
(1969), but both authors agree that systematic changes in Si, Al, Meg 
and Fe will take place with grade. In all cases studied, bulk rock com~ 
position seems to play a much more subdued role in establishing mus- 
covite composition than for ferromagnesian minerals like biotite, but 
muscovite compositions cannot be shown to be completely independent of 
bulk rock composition in all cases. Guidotti (1969) has shown that 
muscovite compositional variation may be influenced by mineralogy, 
especially with respect to Al,03 contents. He states that muscovites 
should only be used as grade indicators where they coexist with K-feld- 
spar, a case sometimes found in pelitic rocks but not in rocks of glauco- 
phane schist facies. Ernst et al. (1970) have demonstrated that sys- 
tematic variations in white micas from the glaucophane schist facies 
can be related to different metamorphic environments, even in the absence 


of K-feldspar. Cipriani, et al. (1971), using several hundred analyzed 
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muscovites, have related composition to temperature and pressure of 
formation. 

Thirteen muscovites from regional metamorphic rocks within the 
central Kootenay Arc have been analyzed by electron microprobe for 
twelve elements. Two pairs from the same slide have been analyzed to 
check for variation within a single thin section. Analyses are pre- 
sented in Table 5. All muscovites coexist with either chlorite or 
biotite or both, and all except 4LBT-la, 4LBT-1b, 5LBT-15 and 10BT-17 
coexist with K-feldspar, thus satisfying Guidotti's criteria for usage 
as an indicator of metamorphic grade (Guidotti, 1969). Low grade 
assemblages contain significant amounts of calcite or dolomite or both. 
4LBT-1 contains 16.6% dolomite; dolomite contents of all other rocks 
are generally small (see Table 3 for modal analyses). 

Inspection of Table 5 shows that the following generalizations can 
be made for the muscovites in this work. 1) An increase in silica is 
i 4 


correlated with an increase in Mg and a decrease in Na and A There 


appears to be a correlation between Fe and Si, with Fe rising as Si 
increases, but it is much less striking than the trend for Mg. Octahe- 
dral Al does not change significantly. Further detailed discussions 
concerning the compositional relationships between elements within the 
muscovites will be handled in the section on metamorphism, since these 
relationships can be shown to be related to metamorphic grade, Fig. 6 is 
a plot of muscovite compositions on a portion of the AFM diagram modi- 
fied for total Fe as FeO. In addition to muscovites from the Kootenay 


Arc, muscovites from other metamorphic areas are plotted for compari- 


son. The plot shows three trends of interest. 1) The field defined 


by the muscovites from the Sanbagawa (Shirataki) region of Japan 


25 


a aca the > ee sak io 


, a: AM tary te! 
5 ~ am Pak r - it, bent k 


. * 
a: 


ae neta 2W. spite, bey rouhiy 9m amide? east e 
; = ode: fqotnect, port: abe’ yd bos pra: eal Pr 


a S4, tiscali’ nad waa ‘obs ve wp oi) obit haces 


ADM Age AYENAHT “103 9gR a te lz site & sitll 


Be Tes bes Soy “sides sithiby satkaas os Roe, BM “oF 
VD-MADL. hor CTA pat Qua ss dT gis ata) ued : 
ayée 10) wlisties 2) c4ibiue) aalylekyes) ‘ous. 
ors / 
shure we! .(8d0l . 1) tobe) Ra ¥ ip omeapa 
‘Raed ae Satadieb +9 '-Sitsice Fo Tb AOE. “plain SS ini 


gion wsi96 Lis lo eingshed Silinolob ge) een eee: 


A 


i ae Roe feed afte. entoee stv ek tat ane 


rh 


G65) slicer bReyatsa ‘shkPamblea adda ied aivule FY aiden wad 
a). B5dike nl sasgion? mA (0. ¥TON etity at rexsimonuaig be i 


f 


2 BA etl Ress a SA oh ee sade ee eo Re at ‘panentit 


a h2 eo ie i yl deg ‘yb Be of neuen nos rubs ; 


ra 


of eps. elt 308 hiere “ald rtucia gus ‘eniul ‘rite! ik oat 
= ya se 
; wiotdeebarly bet taveb Tediank, ee idaho agi: 


¢ BAN aaitaty #sasivola: pdewaad “agbricmms andar | (ano 
‘binds saad a Salada WO figksa pe cara sist 


‘ok 0 git ints sera) Seaicees dx boon tes om 63; nee ow 


7 
- 


rr “pA aisente rors alishiw: aoksior ‘ fd» Parerenre ty 


m a Biaitir 4 Me 


a " nszou% 9 tgs even oy norsiehs ni, ad ei: baste 


, a . are ro beandte oe ana, danse me phe 
Vel ce 
| 5 arte, Bigkh Pr e a site: weetiicer’ rane tr 


F Lae 
a 4 ' 


1 


ea Dd abe ae 

™ . sae : : ra ro ca : te > ™ ' i oe he 

ine 3 sy nasi ail 
7 : 3 2 a 


36 


‘paupwiejep useq jou sey &o¢aq se enTeA wunwtxeu e st 


8E6°T 
918 T 
075s Ee 
TO0° 
LU 7, 
666. 


€06°T 
9T8°T 
0380.” 
TOG. 
SOLe? 
969, 
700° 
VASe i 
6S0° 
CLUE 
000°8 
TLS °T 
Syeuse 


ae 
98° C6 
00°0 
00°0 
S0°0O 
LG QE 
ce 0 
LOE 0 
CO-< 
€0°O 
(gees 
cn 8c 
£950 
GE" 97 


c-~ Lay 
6 


0f6 7 
Ceek 
| 2 
0 
visi @ RG) 
8Sa° 
Z00° 
Sot 
620° 
LEGS 
000°8 
hgh 
SGT) 


SIS 
Sc 76 
00°0O 
00°0 
LEA 
Tee OL 
9S°0 
00°0 
Bort 
Z20°O 
ol t 
60°CE 
8L°0 
92. OY 


T-L0909 ST-L&TS 


8 


cS6'T 
C08 °T 
OST” 
LOOe 
cele? 
960° 
TO0° 
cv?" 
980° 
GOtet 
000°8 
ROLE 
66¢0°9 


c7°S 
$S 76 
OT'O 
c0°0 
ac 0 
ee OT 
oSc0 
TO°O 
Zara 
T0°O 
68°€ 
SO -te 
73°0 
S0°97 


Ie 


9S6°T 
908 °T 
OVE. 
bOOe 
L£c0 7 
S6T° 
TOO° 
960" 
OLE 
9¢S © 
000°8 
Glick 
Sec 9 


cs 9 
O7260 
TT=0 
c0°O 
rae 0) 
9s OL 
9S: 0 
1020 
£60 
TQ°O 
SS a 
68° CE 
eleae 
LO°SY 


7-Ld0T 
9 


666 °T 
778 °T 
iSte 
700° 
9LEae 
LCG. 
€00° 
Gite 
LOL 
96% 
000°8 
9T3°T 
Vel .9 


EG. <S 
LL 6 
60°O 
+ LOrG 
Bi 0 
49° OT 
0s°*0 
€0°0 
8L°O 
€0°0O 
e8°¢ 
60°CE 
L0°T 
99°S% 


(1) 8-La0Ot 


S 


sTUL 
806°T 
cecrm 
TLE° 
700° 
6Z0°% 
Cel: 
0 
Loe 
BLO: 
T69°€ 
000°8 
S98°T 
Get’ 9 


*SUOTIETNOTeD AeYyAANJ UT pesn you st O¢y 
““OOT Wory eoueresITp Aq poutwizsqep stocCHy 


7L6°T 
DLLNE 
LSés 
£0G" 
LC? 
Lote 
0 
SA 
780° 
YOOTE 
000°8 
SS8°T 
Sie, 


886°T 
60S°T 
oy ae a 
S00" 
820° 
oa 
TO0° 
00€ * 
csGe 
€6S 6 
000°8 
973 LE 
vein) 


OS6°T Te30L 
cca, & x 
Ady i eN 
700° BO 
080° "90 TROL 
ro SW 
700° uy 
77E ° a4 
€IT° gail 
OSs7"€ talv 
000°8 °202 TeIOL 
EGET ALY 
607 °9 tS 


SNHOAXKO @¢C AO SISVA AHL NO VINWHOd TVANLONaLs 


96°39 
Vea 
00°O 
00°0 
00°0 
Loee 
Coleae 
€0°Q 
Ee 0 
00°0 
VOT 
VOWS 
T8°0 
67 S77 


e7-dMZT 


2 


Lt-LdOT ST-LYOTT 


€ 


S3's 
ST°76 
TO°0O 
T0°O 


610 


aL Ss 
cB Tt 
£09 
$9°0 
To 9 
CO°% 
60° 7e 
cs 0 
ae 


¢ 


0-3 
776 
60°0 
£0°0 
oes 
97 OF 
97 0 
€0°0O 
78°0 
c0°O 
TOs 
2G Ce 
Ot i 
ey SY 


(Z) 8-LdOT 


a: 


SHOO0U OLTHdMYONVLAN TVNOIOA WOUX SALIAOOSAW AO SASATVNV AYOUdOMDIW NOWLOATH °¢ ATAVL 


¥%0¢CH 
Teq10], 
ad 

To 
oe 
0cy 
ofen 
089 
O3n 
ouw 
Qed 
fotty 
Coty, 
Cors 


IM XO 


@Ex.. 
220.8 
Fon 
ost. 
ole «t 
ety. i 


ie 


o 
a4 o 
rw 
fe 


ag 


on 


ete Sees 


ESRSS 
i} 


/* 


i ) ere e 
2 


* 


1® 


9 ees 


fd. 
eso. 


SLB LE 
Fae. 1 
actayessb xoo4. i350 esd 


vO 


e 
i 
ce 


te AS rs 


ay i Loe a ea WO 


tft 
Ke 


OER i 


2 Chey 


. 


ut) 


me COS 


<r) a 


me A Us) 
e 


» a ==. * i. ‘ eZ > 
gt .2es suigv sueluem 4 ef ebah-* +e noxt: Sa “8 


Mw Ce 
awl 


Sager Me 


2 r \=y, ey hp 
Pee ec. 
oie, oom ay 


FP, 
= 


6 
85 be ae Pees 
Se. 0 tx Cvs 
. : ie 
yaoreo £¢ YO SizAdTSHT HO ALI 
gcc, ATO cere. § ghisde ie LOS +d. 7 


i a rad NS Tels fet ° 
sie ra ey a Po) - + Pear & ayo, e 
a) ar io. 20 - £00, 


G1: isl. ie. Toe. 5, 
ous. ae ot a E 
dems 88Rs1 Soe,f° - ONBat age 


- peaaadubles, apdasin atk 


37 


“SUOTRIETNOTeD A9yIANY UT pesn You st QCy *poeutTwAezsap 
uvoq 20U sey Eqlag se ONT eA WNWEXeU eB ST SEU, “ZOOL WOotly BVUsLIFITp Aq poUuTWIeIAap OCH 
OGO"T- 76078 9/8 °T TeIO], 
65/21 = 208 5 Z08 °T y 
960° 780° TLO° eN 
T00° TOO" €00° 29 
£80°? 640°F EL0°Y TRIO 
Lee ans 80° 3H 
0 0 T00° uly 
Zor 610° Ter” aa 
6S0° 140° 8so° TL 
647°E ZEV'E GZy°€ TV 
000°8  000°8 000°8 TRIO], 
T09°T ctor £95"T IV 
666°9 Sgy°9 €£n"9 Ts 
SNHOAXO @Z AO SISVA AHL NO VINWHOA TIVYNLONULS 
99°47 98°9 L0°9 ¥0°H 
"£°S6 vYI'E6 €6°€6 Teqo], 
60°0 00°0 60°0 d 
T0°0 00°0 00°0 TD 
FEO 7E2°0 7T'0 ord 
CGlOTe mc Or €4°OT 0°x 
re2o ZE°O LEO ocCeN 
To°O To"O Z0°O 0170) 
00°Z e727 ZO°Z o3W 
00°0 00°0 TO" oun 
€or7 LT°0 09°T Qed 
OT°Ze SB tue $zete folty 
6S°0 947°0 [oaG forth 
ZO°Sh = WL OS*LY Zors 
(T)T-Ld1y €-LAIS (7) T-LaTy 3M XO 
ET ZI II 


GHNNILNOO ¢ YIaVL 


aN 
es 
‘i 


iV. « 


BLONGZSKY EOLN 


38 


SYooL OTydroweQow TeuoTSex worF SaATAOOSNU AOF werZerIp WAy ey. JO voTIA0g °9g 


(696T) FI3OpTND surrey 

(S96T) ®2qTY FUOWISA 

(Z146T) 29d00p (pueTeez MeN) O8eI0 
(OL6T) “Te 2e. IJsuzy 

(ueder ‘emeseques) TyeIeazatys s 

(OL6T) “Te 32 
3SulAqy (CTUAOJTTeD) uevostoueag J 
(OL6T) 20U2eK (pueTIODS) ueTperted da 


OF 


2SMOTTOF Se oAN}ZeASATT eYyQ worzs 
usyeq seqtAoosnu oie sorzenbs ‘*¢ otTqey ut 
sesdTeue 03 puodseiz0. seToATO porzequny 


Ay 


Bz 


n i aio "1 
~ ni 
; ¥) Py 
} r 
; ' 
=i i 
a a) 
=r i 
- 7 v < > re 
i a4 > » 4, 
7 . ‘ " : 2 4 - - is on 
. o z § : : 
~~ , 
“ = 
i b 
4 4 rma iy 
" le 
4 * . ot og 4 3 *. Ae . aie 
ours a 2¢ é ~ ™ : 
K 
* - sy: i @ " 
\ ‘ ¥ ~ ¥ a £ ay x 
5 - . = ?. y : 
- 


) 
Ce 


a 
}) 


r: 


t7-Ge 
= #) 
rae) 


Gort 


eer 
<a 
Fi 
epee XG 
pot fr 
4 


a Fi 
Z. 
f 
‘ 
r 
(FFs. 
= : 
360 {USh 


= ae) 
> er 


7EH 


ct? 


39 


overlap the low-grade muscovites from the Kootenay Arc. 2) Musco- 
vites from Otago, New Zealand and from the Scottish Dalradian overlap 
part of the range shown for the Kootenay muscovites, but both Dalra- 
dian and Otago muscovites are less magnesian., 3) Muscovites from the 
kyanite and sillimanite zones fall above the range shown for Kootenay 
muscovites, 

Three muscovites deviate from the trend, 11CBT-15 (2), 10BT-8a, b 
(1,5) and 5LBT-3 (12). They more closely approximate the trend of 
Mather's muscovites. Sample 11CBT-15 is within the aureole of the 
Crawford Bay stock and has been reset by contact metamorphism. Because 
of this later event, the muscovite has lost Mg and gained Na, but Fe 
has apparently remained constant. 5LBT-3 comes from a rock which is 
very low in iron (0.06%). For this reason it has picked up considerably 
more magnesium in relation to iron, even though the magnesium in rela- 
tion to iron is fairly low. There is no ready explanation for the 
behavior of 1OBT-8a, b, however, as no nearby igneous body is present, 
and the rock composition is not radically different from the others 
lying within the trend. 

Fig. 7 is an AKF plot for muscovites from the Kootenay Arc, 
Muscovite analyses from Mather (1970), Guidotti (1969) and Albee 
(1965) are plotted for comparison. This plot shows the familiar phen- 
gite trend illustrated by Lambert (1959) and later authors. Muscovites 
from the Koctenay Arc are phengites overlapping in composition those 
of Mather from the biotite zone and those of Albee from the kyanite iso- 
grad. 

Variations in muscovite composition with rock composition are 


illustrated in Figs. 8 and 9. Fig. 8 illustrates the relationship 
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Fig. 8. Na»O rock plotted against Na 


correspond to analyses in Table 2. 
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O in muscovite. 
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Fig. 9a. FeO muscovite plotted against FeO rock 
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Fig. 9b. MgO muscovite plotted against MgO rock. Numbers correspond 


to analyses in Table 7. 
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between rock Nay0 and muscovite Na,0. The correlation is positive, but 
only very slight dependence is indicated. Considerable scatter occurs 
at the higher values of Naj,0. Perhaps more pertinent to arguments yet 
to be developed is the relation between Fe, Mg and the respective rock 
values. Figs. 9a, b illustrate these relations. FeO in muscovite 
shows no relation to FeO in the reck, while MgO shows some correlation 
but considerable scatter. Mg/Fe ratios show a positive correlation, 
but with the same scatter shown in Fig. 9a, b. Any rock Mg/Fe ratio 
may result in different Mg/Fe ratios in the muscovite, thus only the 
most general correlation can be said to exist. No relation between 
SiO9 in the rock and SiO, in muscovite can be found, thus supporting 


the findings of Velde (1967a, 1967b, 1968) and Butler (1967). 


Biotite 

Biotite is present in most rock types from the central Kootenay 
Arc. Textural relations are similar in all rock types. Biotite is 
usually the mineral giving the rock its foliation, but exceptions occur, 
especially in rocks containing scapolite or in rocks of lower grade. In 
the latter types, biotite cuts across foliation or is porphyroblastic. 
Porphyroblastic biotite is found most commonly in chlorite-muscovite- 
carbonate rocks, where the porphyroblasts may be ten times the size of 
the groundmass grains. Biotites in scapolite rocks are euhedral and 
fresh. They cut across lineations shown by Sion otGek or banding 
caused by alternating layers of feldspar and amphibole or diopside. 
Euhedral biotite grains may also be found superimposed over large amphi- 


bole grains. 


Biotites from the region and the Point are generally subhedral, 
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occasionally anhedral or euhedral. In some cases there are two genera- 
tions of biotite (on textural grounds), one present as smaller subhedral 
grains, the other as large anhedral to subhedral porphyroblasts. The 
smaller grains may be poikilitically enclosed in amphibole or garnet. 

On the Point, biotite is found to form monomineralic pods or lenses. 
Biotite also forms "selvages" at contacts between small pegmatite bodies 
and the country rock. 

Biotites range in color and pleochroism, but this range is not 
systematically correlated with grade or rock type. Chlorite-musco- 
vite schists may yield biotites pleochroic yellow-green to olive, or 
yellow to brownish red or brown. Red biotites are more common along 
the east and west shore of the lake, where the metamorphism has reached 
a maximum, but they may occasionally occur at lower grades as well. 
Biotites from calc-silicate rocks are often nearly colorless, pieo- 
chroic to a very pale yellow. Optically they resemble phlogopite, 
but significant iron is present, making them magnesian biotites, 

In relation to other Rinse les biotite appears to be in textural 
equilibrium in most cases. Grain boundaries between amphibole, feld- 
spar, or muscovite are usually smooth, and triple junctions often occur. 
In other cases, however, biotite is ragged, with serrated terminations. 
Many biotites have chlorite growing in cleavage traces, occasionally 
replacing more than half of the grain. 

Biotites were analyzed from rocks representative of regional 
metamorphism of pelitic, amphibolitic and calc-silicic rocks, and all 
rock types present on Kootenay Point. In three sections, two biotites 


from different parts of the slide were analyzed to test for variation 
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in biotite composition within single slide. Minerals coexisting with 
the biotites may be found in the modal analyses presented in Tables 3 
and 4, Pertinent assemblages are listed on selected figures. 

General chemistry: Major element chemistry for the 46 biotites 
studied is presented in Tables 6 and 7. Table 6 contains analyses of 
biotites from regional metamorphic rocks, and Table 7 presents 
analyses of biotites located on Kootenay Point. Biotites from regional 
metamorphic rocks were analyzed for 12 elements, including Ba, F and 
Cl, while biotites from Kootenay Point were analyzed for 11 elements by 
electron microprobe. Eleven trace elements were analyzed using bulk 
samples of eleven biotites especially selected and separated from the 
Kootenay Point suite. The trace element analyses will be presented in 
a later section. Biotites from the Kootenay Are show deficiency in the 
Y-sites, based on calculation to 22 oxygens. Recalculation of the 
structural formula to 16 cations reveals that excesses usually occur in 
the Y-~site, balanced by deficiencies in the X-site. The oxidation 
state of the iron as well as the presence of an element not analyzed 
contributes to the low totals where the total fails below 94%. Bio- 
tites with 6 - 7% water are not generally found; 4 - 5% is a more 
reasonable figure, Barium was not determined for biotites from the 
Point, but regional biotites may contain up to 0.43% of the oxide, 
Lithium may also be present in significant quantities. 

The major elements are believed to be accurate to within +3% of 
the amount shown, with Ti, Mn, Ba, Cl and F somewhat less accurate. 
Fluorine amounts are uncorrected for fluorescence, atomic number and 
absorption effects. (See Appendix 1 for further discussion.) 


The biotites from the Kootenay Arc encompass the entire composi- 
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tional range cf natural biotites given by Foster (1960) (Figs. 10, 11). 
Fig. 10 is a plot of biotites from the regional metamorphic rocks. Most 
biotites from regional metamorphic rocks are (rouspiser ee with a much 
smaller group of transitional magnesian biotites. The magnesian bio- 
tites coexist with tremolite-diopside-caicite and dolomite. Fig. 11 
shows the compositional variation for biotites from Kootenay Point. 

The lower Mg group overlaps the group shown in Fig. 10. The composi- 
tional trends in biotite can be related to mineralogy, as can be seen 
trom the zones delimited at the right of Fig. 11. Increasing Mg content 
is found in biotites coexisting with ep-hb, hb-cc-dol-act-di and tr-act- 
di-cc-dol respectively. The regional biotites do not show such sharp 
nineralogical dependence, but do show some dependence on grade. 

The large compositional range of biotites makes examination of com- 
positional controls within the biotite group possible. Such an examina~ 
tion is desirable from the standpoint of understanding the substitution 
scheme for biotites and understanding which elements are likely to be 
controlled primarily by bulk chemistry and which by changing conditions 
of formation. 

The substitution scheme for biotites has been examined in detail by 
Foster (1960), Crowley and Roy (1964) and Deer, et al. (1966). Other 


contributions have been made by Wones (1967), Seifert and Schreyer 


(1971) and Reitan (1972). These investigations have defined substitu- 
tions involving octahedral and tetrahedral cations and have suggested 
relationships between X-site cations, anions and octahedral and tetra- 
hedral cations. The following paragraphs will examine the relationships 
between X, Y and Z site cations and the F and Cl anions. The discussion 


will be qualitative, since structural parameters and amounts of 
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ne? have not been determined, but the relationships should provide 

some insight into the relationships between the different cations. 
Y-site cations: Replacement of Mg in phlogopite by Rot ions, 

and replacement of Mg by Fe2t on an ion for ion basis produces the dif~ 

ferent compositions of the biotite group (Foster, 1960). Foster (1960) 


considers that the Fe@t=> Mg exchange proceeded independently of the 


2+ and 


oe = Rot exchange based on absence of correlation between Fe 
amount of R3+ present. Wones (1967) considers Mg = Al and Al=?Fe3+ 
substitution possible, Reitan (1972) suggests positive correlations 
between octahedral Al, tetrahedral Al and Fe/Fe + Mg; tetrahedral Al, 
Fe/Fe + Mg, Fe + AW! /Soct and ALY!/ Soct and negative correlations 
between octahedral Al, oct and Mg; tetrahedral Al and Mg, and no cor- 
relation between octahedral Al and Fe or tetrahedral Al and Fe. 

Fig. 12 illustrates the relationship between Mg and Zoct for all 
biotites studied, This relationship is the same as that found by Foster 
(1960), wherein a decrease in Y-site occupancy is correlated with 
increasing Ro content. Figs. 13 and 14 plot tetrahedral Al against Ti, 
Fe, Mg and Fe/Fe + Mg and octahedral Al against Ti and tetrahedral Al. 
All other relationships between octahedral cations can be determined 
from these diagrams and the fact that octahedral Al shows the same 
trends as tetrahedral Al, but with more scatter. Both octahedral and 
tetrahedral Al rise with an increase in Zoct. The trends for octahe- 
dral Al and Fe suggest that a correlation exists between Fe,,;, and 
e and this fact, coupled with the negative trend for Mg, suggests 
Phat Mom ar and Mg= Fe2t substitutions may not be independent as 
suggested by Foster (1960). Their interdependence cannot be confirmed 


because no Fest determinations have been made. These determinations 
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Fig. 12. Y-site occupancy (Z oct) against Mg (calculated 
on the basis of 22 (0)) for all biotites. Numbers refer to 


analyses in Tables 6 and 7. 
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would be useful as the data from this study suggest coupled substitutions 
of ALVE 4 Fe = Mg. Ti must also participate in this substitution, since 
it correlates positively with Al. 

Z-site cations: The Z-site is normally occupied by A13* and SRN 
ue 


but some Fe and Ti may also be present (Crowley and Roy, 1964; Deer et 


al., 1966). Si for Al exchange can be shown to take place in synthetic 
phlogopite up to Si,Al, (Crowley and Roy, 1964). The substitutions in 
the site are coupled with octahedral cations, as has been demonstrated 
for muscovites. The correlations between tetrahedral Al and Fe, Mg, Ti 
and octahedral Al indicate coupled substitutions involving these cations. 
Figs. 15 and 16 illustrate the correlation between Si and Mg/Al and 
Si and A1Y!, The two plots together indicate substitution involving 
Me + Siz Al (or Mg + Si z®2Al as in muscovites). This substitution 
scheme is well known, but the plots of tetrahedral and octahedral Al 
against Fe, Ti and Mg indicate that the octahedral-tetrahedral exchange 


% 


may involve related Fe= Mg and Al= Mg substitutions in the Y-site. 
X-site cations: K, Na and Ca occupy the 12~fold X-site in micas, 
and their relation to octahedral and tetrahedral cations is not well 
understood. Foster (1960) suggested a relationship between K + Mg and 
Sus Fig. 17 shows a positive relationship between K,0 and SiO, (wt %). 
This plot, coupled with those previously mentioned, suggests a relation- 
ship of the type postulated by Foster (1960). This relationship also 
indicates that X-site deficiency decreases with increased Si and Mg 


content (i.e., as biotite becomes more phlogopitic). This can be con- 


firmed by glancing at Tables 6 and 7, noting that biotites with high 


Si content have the least amount of deficiency in the X-site. 
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Numbers correspond to analyses in Tables 6 and 7. 
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Anions: F + Cl may also be related to substitutions in other sites 
in biotites. In Fig. 18, F + Cl has been plotted against Si0y (wt %). 
This plot shows two trends. From Si0, 33 to 38 wt %, a linear decrease 
in F + Cl is found. For values of SiO») beyond 38%, F + Cl jumps sud- 
denly and shows a general increase. This break corresponds to the 
break in the trend for Mg/Al vs Si (Fig. 15). Consideration of these 
two plots leads to the hypothesis that more F + Cl will substitute in 
biotites with higher phlogopite content, rather than higher Ti content 


as suggested by Deer et al. (1966). 


Biotite composition in relation to bulk chemistry: Bulk rock 
chemistry can be expected to influence the amounts of cations present 
in all sites by its influence on biotite composition. Bulk chemistry 
is known to influence Mg and Fe ratios in biotites, and other octahedral 


cations are affected. Mg/Fe ratios commonly vary according to bulk com- 


position, grade and character of coexisting minerals in metamorphic 


2+ in the 


mocks, Fig. 19a is a plot of Mg /Fe2* in biotite against Mg/Fe 
rock for biotites from the Point. The plot indicates a strong correla- 
tion between rock and mineral composition. The dependence of mineralogy 
on Mg/Fe rock ratios is further demonstrated by the limits for coexist- 
ing minerals shown along the top margin of Figure 19a. A regular suc- 
cession from hornblende or hornblende-epidote bearing rocks through 
hornblende-actinolite to tremolite-diopside-calcite-dolomite is shown. 
Fig. 19b is a similar plot for biotites from the region. Fig. 20a 
demonstrates the dependence of Mg/Al ratios of biotites on rock Mg/Al 
for biotites from the Point, as well as indicating the successive disap- 


pearance of plagioclase and potassium feldspar with increased Mg/Al 
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Fig. 19b. Mg/Fe bi against Mg/Fe rock for biotites from regional meta- 


morphic rocks. Minerals shown in Fig. 19a do not correspond to Fig. 19b. 


Numbers refer to analyses in Tables 7 and 6 respectively. 
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for biotites from regional 
plagioclase field of Fig. 
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ratio. More than one trend is shown on this plot. Within the plagio- 
clase field, the biotites show a linear trend with a steep slope. A 
similar but less well defined trend is to be found between the margin 

of the plagioclase field and the feldspar-free field. The general trend 
is one of increasing Mg/Al ratio in biotite with increasing Mg/Al for 
the rock, but within fairly narrow Mg/Al rock limits; a steep linear (?) 
Me/Al biotite, Mg/Al rock correlation exists. Fig. 20b, a plot of Mg/Al 
for regional biotites further illustrates the relationship over a small 
Mg/Al rock ratio variation. It is essentially congruent to the plot of 
Point biotites lying in the plagioclase field. This plot must be inter- 
preted with more care, however, as it includes biotites from different 
metamorphic grades. Both plots indicate the interdependence of Mg, Fe 
and Al values (and hence octahedral occupancy) on rock composition. 

Fig. 21a and 21b indicate the relationship between Ti in biotite 
and Ti in the rock and complete the demonstration of dependence of octa- 
hedral site composition on rock composition. Plots of SiO 9 in biotite 
against SiO, in the rock (not shown) indicate, contrary to Rimsaite 
(1964), that more siliceous biotites are not correlated with more 
siliceous rocks, at least with respect to biotites in the Kootenay Arc. 
No correlation between rock and biotite Si0, is found. The reasons for 
this lack of correlation are complex, in that, in very low silica rocks, 
biotite may be the only siliceous mineral. The biotites lowest in Si0, 
occur in fairly siliceous rocks. No relation exists between rock K»0 
and biotite K,0. Thus, both the interlayer cation K and the tetrahedral 
cation Si appear to be unrelated to bulk composition of the rocks under 


consideration. 
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Summary: Tetrahedrally coordinated cations are shown to be related 
to octahedrally coordinated cations and interlayer cations. Anions F 
and Cl are correlated with tetrahedral and interlayer cations. The 
octahedral cations Mg and Fe correlate strongly with bulk chemistry, but 
Ti and Al are less strongly influenced. Si is not related to rock com- 
position, while Al is weakly correlated to Alin the rock. Interlayer 
cations are unrelated to rock composition, 

The best indicators-of grade would be Ti, K, Si or possibly Al, 
since they are less affected by rock composition, but they may depend 
on anion availability or octahedral substitutions which are strongly 
related to bulk chemistry. Mg and Fe contents are the least reliable, 


since they are strongly correlated with rock composition. 


Chlorite 

Chlorite is found at all metamorphic grades in the Arc, but is 
generally retrograde, forming as a result of alteration of biotite and 
garnet. Chlorite from the chlorite zone and from the biotite isograd 
is distinguishable optically from that formed by alteration. The 
regional assemblages in which chlorite is demonstrably stable on petro- 
graphic grounds are qtz-chl-phengite-cc, qtz-chl-tr-act-cc-dol or qtz- 
chli-bi-phengite + cc. Rocks from the chlorite zone are rare; most 
rocks are transitional “biotite isograd'' rocks in which a small amount 
of biotite has been formed. Chlorites coexisting with or without bio- 
tite are optically similar; pale green, pleochroic to yellow or pale 
yellow, with low birefringence colors, often brown at extinction. They 
do not show the blue anomalous extinction colors exhibited by chlorites 


(penninites) which result from alteration of biotite or garnet. Only 
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TABLE 8, ELECTRON MICROPROBE ANALYSES OF CHLORITES FROM REGLO! 


AT A’ 
Wa 


Ox Wt 


Sid» 
TiO? 
A120, 
FeO 
MnO 
MgO 
CaO 
Na20 
K90 
BaO 
one 

F 
Total 
H50* 


METAMORPHIC ROCKS 


a 
4LBT-1(1) 


Zuo 9 
0.10 
21706 
20.64 
02.09 
18.35 
0.00 
0.00 
0.07 
0.00 
0.01 
0.10 
86.48 
13 592 


Bs 
SLBT-17 


= 
5LBT-15 


29% 83 
0.04 
20.09 
24.08 
E19 
£7.03 
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STRUCTURAL FORMULA ON THE BASIS OF 14 OXYGENS 


Sel 
fetal tet. 
ALVL 
Te. 

Fe 

Mn 

Mg 

Ca 
Na 

K 
Total 


*H20 is determined by difference from 100%. 


2.662 
1.338 
4.000 
1.306 
007 
1493 
008 
2.845 
0 
0 
.009 
5.968 


2093 
1.307 
4.000 
1,144 
007 
geal 
O12 
2.644 
002 
0 
.016 
6.037 


Zeti2 
1,288 
4.000 
Leos 
.003 
2e415 
POLY 
2.666 
001 
0 
007 
6.008 


2.699 
1L.3Ok 
4.000 
1.305 
004 
1.824 
.008 
35023 
0 

0 
005 
6.169 
This is 


a maximum value as Fe2?03 has not been determined. 
Hj90 is not used in further calculations. 
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four rocks contained suitable chlorite-grade or transitional assemblages, 
and chlorites in these rocks were examined by electron microprobe. Two 
different grains were examined in 4LBT-1, Results are presented in 
Table 8. Ali chlorites belong chemically to the ripidolite group, but 
an exact type cannot be established because ferric iron was not deter- 
mined, 

Fig. 22 illustrates the composition of chlorites from the Kootenay 
Arc in relation to chlorites from the Franciscan, Sanbagawa, Dalradian 
and Otago areas. The composition of the Kootenay chlorites overlaps 
that of the Sanbagawa district, and the edge of the field of the Dal- 
radian chlorites. 

Rock composition appears to affect the composition of chlorites 
with respect to Fe and Mg, but not with respect to Alo03. Since there 
are few analyses, the relationships are tentative. The concentration 
of Mg in chlorite decreases with an increase in the concentration of Mg 
in the rock, while the amount of Fe increases with increase in Fe con- 
centration in the rock. The variation between grains in 4LBT-1 (1,4) 
is greater than the variation in the entire group, suggesting that the 
trends are at best approximate. The reasons for this variation are 
obscure, but are probably related to areas of local variation in Mg and 
Fe within the thin section. Dolomite is found in patches and stringers 


throughout the rock and likely influences the local availability of Mg. 


Amphiboles 
Amphiboles are found in all rock types found in the central Koote- 
nay Arc. Tremolites, actinolites and hornblendes can be identified 


optically. Tremolites are colorless, non-pleochroic and usually sub- 
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hedral or anhedral. They occur only in carbonate-bearing rocks, 
coexisting with diopside or magnesian biotite. No talc has been identi- 
fied, despite finding rocks with "soapy" feel. Later microprobe analy- 
ses always confirmed the mica as a magnesian biotite. This lack of 
talc is probably due to the presence of iron and alumina in all tremo- 
lite-bearing rocks, and no pure, iron-free tremolites are found. 

Actinolite (rather than tremolite) forms in rocks with somewhat 
higher iron content. It may be colorless, but it is usually pale green 
and pleochroic. In more basic rock types the mineral is distinctly blue. 
Actinolite coexists with diopside, biotite and often feldspar as well as 
quartz and carbonate. It also forms pods of large radiating crystals 
several centimeters long. These pods may be 954 or more actinolite. 
Actinolite also forms rims around hornblendes and patches within 
hornblende grains. 

Qn textural grounds, both tremolite and actinolite often appear 
to be out of equilibrium with the rest of the mineral assemblage. Tremo- 
lite occurs in two generations in many rocks and frequently is found as 
a coarse grained anhedral grain surrounded by smaller, clearly younger, 
acicular masses. The larger, older grains are often shot through with 
blebby calcite and occasional dolomite. Actinolites and dolomites often 
grow with random orientation in a rock, although in banded calc-silicates 
from the region, they may be aligned parallel to the banding even when 
anhedral and corroded. 

Hornblende, except where zoned, usually appears to be approaching 
textural equilibrium with the rest of the minerals in a section. Zoning 
of amphiboles is common in rocks from the Kootenay Arc. Hornblende, 


usually dark green or somewhat bluish-green, always forms the core, 


Ml anitesd-a0.enodage ic “gio woe: 


kwh) asiod cei olns Wee ed salle 
ees ~~ hea “wqenn etka whee 


ay hnen Bdorgexo 


. he Shee et “hy sgasid® cau tcaeiie &. a abt ‘ae’ | 


ra nxt 2% deinen ais at out + 


amas DES al anhanie S25 


E4 gsr taped ann on ‘ban ! 


ta evgbes 7 ares coaittomns cal caine 


allies i 2A OASOD 


erot a ‘side YE feipet wt “TP suit" aealvoies ot. yes ‘_ .e 
ay + , 
oiled yidortis: + Ierecla ob shqy ip y obesd pos 


a are " fo : iin ae aa i ea Ja ci chiht sya atte 


= * 
ops his wah Omelet af a Dal 4, DERE 


‘hey aaos} Th épe persa? jHite on 


Jehestegt3 gai444 $a505). Th 
‘ a a * ; 
xd S236) ed ve eieg seadt week a 


“i ‘, 
aabietdoyed, ene ie: —. 


' ob BLORIISS STON 


stad 


ns ec Ba: PO 
as ; ‘e he j ¥ 
; 3 : a Pe ry P| 

sa , ’ r "é ine 

Ve 


roomie ayes 59 Liagiaes bes rLisgss; Hae —y in 
host pquebaineden 54 me we to, reer mats a ea 


an” wer? at Sepidenyoat iat aficoy (gat w ee 


<aitene ‘ed Bofisvonivia Rsiciai Isvbedisis 


ead 2 


us * 


cape uleeet> 
~ dave alegre gi tone sh te Poy) alta ehh 


aedis- ged temudeh- bow siessbeniiielah pailuetob: 
expo titerokoy hold a aia he jhipg & we. oni 
fee cave giles aa 2 ree ning te aie ) 


é 
. = 4 , 


= — ‘ = - = 


ae Le uaa . 
ote arin sw een ine 


73 


-Z9}0p Useq 4oU 


by a ie 
020% 
Gh 
676 °T 
c80°S 
SSO°# 
£0" 
OT8° 
0s 
cal” 
000°8 
O97 
O7S°L 


iS ee 
62°76 
80°O 
al 
LON) 
6S °Q 
SOY OF 
02 °8T 
beet) 
oi 
Box 
kao 
c7°OS 


4O0ZT-O6T 
ine 


OYE -< 
oe) te 
C6" 
TLS 1 
68¢°S 
Sol ¢ 
ScOr 
©90'¢ 
eo 
EGE: 
000°8 
0S3° 
i Bees 


cO°% 
86°S6 
c0°O 
LQ°0 
10-2 
66°0 
C7 tt 
St Gt 
92°0 
Ciao 
88°9 
ce 0 
We hy) 


cl-tl 
OT 


sey tolag 
EvEeec Coy C 
eet TST* 
SEC * Gly 
O7 555 6S8°T 
WECES G6Z°S 
708°C 6LE 5G 
TO" 670° 
Geet L£SG°T 
¢S0° (oS 
072° €6L° 
000°8 000°8 
T8Tt°T Ole Tt 
OESE9 boo <9 
OPEC oy 
OCSEO GS°96 
70°0 70°0 
Loe0 OF 0 
98 °0 64-0 
c8°0 Tet 
607CT 9SELL 
99CCT C7 CT 
£90 CGO 
£6771 OF ct 
8T°6 8c °CL 
67°0 co T 
SSeS? OT’ #? 
Ceyl saeeLeove 
6 8 


DNIOd AVNALOON WOUA SHIOPLIHGNV 4O SHSAIVNV ATOUdOYOIWN NOULOATA 


rs? °C 
6ST” 
697, 
eco [ 
687°S 
SCT 
EEQ° 
(ope aia 
O7L 
Ons 
000°8 
77ST 
aS 9 


72. 1 
9€ °86 
$0°0 
60°0 
780 
7O f 
cOTTT 
TCETL 
cd 0 
LE-ck 
LG -EL 
76 1 
S98c7 


6-TL 
L 


Se@ onTeA WNUTXeW e& ST 


*SUOTIETNOTeD AOyIANF ut pesn you st 0°n 


STUL 
Z7S°Z 
YEz" 
Te * 
776°T 
BET’S 
LUTE 
0£0" 
LOE *Z 
790° 
96S° 
000°8 
98%°T 
7TS*9 


SNHOAXO €¢ AO SISVA AHL NO 


68°T 
TT*86 
sui) 
70°0 
CCL 
OtGt 
TOget 
79°6 
7Z°0O 
CCLST 
OLETT 
£S°0 
WLEGy 


[tet 
S 


GLYC ote? 
82°16 78°S6 
90°0 aN 
E70 aN 
OtGE 9760 
BGT. £TOL 
SZ°TT Scett 
Se*or &7SOT 
$950 9200 
ETESt GOFET 
‘if ihe BS E O07 °ST 
8ZL°0 e7Gt 
67° CY 67EL? 


AE TSOCSUMOVESSLe 
7 iS 


OCAE 
OL596 
L0°O 
80°0O 
SE rT 
Sour 
cO°cL 
FESO 
L£é°0 
LEeSit 
O9O8CT 
68°0O 
Leet? 


8-71 
C 


*poutTm 
ZOO T wotzg VvIUSACFFITpP Aq PpeuTurojep ST oCHy 
98E°Z "87°7 909°Z €19°Z TeIOL 
877° 94T* 697° ie: x 
eve ere" OZt° éZz0F" eN 
9T3°T 6#2" 1 L96°T ¥S6°T eB) 
807°S 00Z°S GZT°S —690°¢ °390 TeI0;, 
LT EPC GCCIC StISez GLZORZ SW 
€80° eco" 7E0° 6€0° uW 
868°T 6UL ST a Ame ae 9 Gard oq 
880° 09T° COL”  ¥OET* TL 
223° GS6° 7S9° = 89° TATY 
000°8 000°8 _000°8 000°8 °393 TeIOL 
9T9°T O27 °T Teo" T E979°T AILY 
7eEe"9 0€7°9 6TE°9 9G6€°9 tS 


VINWdOd TVANLONaLs 


O99 7 
£ESS6 
L0°0 
‘OPO 
CECT 
VOUT 
ELeLT 
8L°8 
62 °O 
06°9T 
C23ctl 
etgL 
LOGEY 


7-71 
t 


°6 ATIVL 


x0°H 
TeIOL, 
TO 

a 
o¢y 
o¢eNn 
(038) 
O3sW 


ometeno-£2 36 RRA SRE HO 


Li2, 0 Pee a - "OE 
46 ty Te f- (  O SR | 
ate So 4 ab om res 0)5) 5, a 206.8 ‘Goo 
ae ee, aS 
ez G30 rt. 
sga-1-. @iter rit rat 
G0) feu efru. ho. 
SRicS «Gece Sees  "BtEss 
Ej BvSsc JuUSve ba aad 
eect “pie! art: ea ret 
a ERE CRT . Or 
vex -Sas, a tet, 
SSE iS ees DB5.4 DOG wh 
aint «Ta gar? 2 ytegstahe “ 


amatesitpeiso Sedazact 2: bee 


a. Be er 
ty 3e- Sise- eee OR ee 
O55i-- 8-8 ae) + 


RLEs8 see. 


fie 
dea 
..8 
STE 
er 
et 
%. 


e 


6 bs 


ts el } Sa ae 
i ES 28 ‘ i - 
¢a.s - y a 
rg 
° 


“$aa, 
a, 


ea c 
“eae. é. 
sas. 
" Fore 
Sorinssss 
aad: ak Op 


a 


74 


*‘pautuleqlep useq Jou 
-c 


€60 966°T es ee 
T¥70 ¥TO° yale i 
»OT° 9€0° O£0° 
876°T 976°T St i°< 
790°S T80°S LLG-S 
Cee ’y 818°? 0207S 
910° yTO° 610° 
68° See Qt" 
GLO: @) 700° 
eee 0 ) 
000°8 866°L 766°L 
COG" T60° €80° 
L69°L LOo6°L 606°L 
2O°L [G26 L6°% 
89°86 €0°%6 £0°S6 
76°0 CN 10°60 
LEO CN e170 
€Z°0 80°0 eT -O 
6€°0 CT*O £20 
Lier 87 °ZT 13 "ST 
LOeLe 06°22 79°C? 
T°O LE0 9T°0 
OFS 73 °T ope 
99°? 47S°0 0S°0 
60°0O 00°0 70°O 
FLOSS GOeGG 05°65 
(Z)9-7L MOS-SOZ (72)9-Z1 
a6 ie 07 


£00°¢ 
700 
960: 
E56..1 
983°? 
2h: 
TOO ° 
Bee 
€00° 
0 
L86°L 
Hc) 0) 
VCO. L 


SW a, 
Go °€6 
aN 
00°0 
80°0 
er 0 
Ee ot 
73 CC 
cL Q 
te 
Ee -0 
00°0 
OS*°SS 


A89-SCT 
61 


C60 2 
CEO 
910™ 
T66°T 
7L0°S 
aceon’ 
6¢0° 
60C° 
LOO: 
0 
626-7 
020° 
606°Z 


hoe 
£6°26 
00°0 
00°0. 
g0°0O 
90°0 
Poser 
75° CZ 
27° 
HET 
6€ "0 
T0°0 
96°7S 


BO8—CL 
ST 


sey €oCoq se enTeA umwutTxeu e St sTuy 


$60°2 
TSO" 
TEQ* 
CLOe1 
LSQ¥S 
OLE ¥ 
020" 
605° 
900° 
CET” 
000°8 
S9t™ 
CEOEL 


7OSC 
96726 
TO°O 
£20 
62°0 
96-0 
COact 
96°0¢ 
£%*0 
LES? 
GUet 
a @) 
LEGTS 


qe-EL 
LT 


*suOTIeTNOTeO ASsYAAN]J UT pasn jou st O?cy 


C96" 1Sy0SE-C 
LuQ- 690° 
9807 06T” 
606°T T68°T 
G70" See Oca” 7 
SUL Veeyce 7 
LOO; S00° 
Loe Jee 
€00° a 6 
6ST° 771. 
000°8 000°8 
OC.b: RO 6 
VLG La eOLe <L 
SNHOAXO 
7 Sed Lory 
6c Covet OeS6 
D0" S¥5u-0 
00°0 Litt 0 
60°0 Ge 0 
£1°O 6S°0 
SE CLESCE Scr 
GL GOTe0OCEL 
TO°Q S270: 9 
ya) eae yal eS 
hs a 60° 
£0°0: SU1e- 0 
TL VSERLeses 
T-dGo Pte. 
aL ST 


612°? 
c60° 
O7Cs 
6L8°T 
GTZ°S 
VOLey 
£20" 
867" 
770% 
61S” 
000°8 
67S 
SCV eL 


€¢ dO SISVd 


Tie 
62°86 
00°0 
ce 0 
65° 
T6°0 
EP? Ge 
8S °6L 
6€°0O 
Voey 
€s°9 
C7 Gg 
T6°¢S 


d97T66L 
vT 


9077 
60° 
LOUC™ 
806°T 
OOT*S 
COT’ 7 
610° 
VEOs 
0€0° 
oF ie 
000°8 
670s 
LSECL 


HHL NO 


c6-l 
80°86 
CUO 
ae 
TSO 
GEO 
696CL 
T9764 
97-0 
VEeS 
6S°S 
8c °0 
SEECS 


(1) 9-1 
eT 


890 <7 
60% 
6SZ° 
9T6°T 
SEC"S 
GETey 
Ps 
Lea? 
7¥Ds 
cOS * 
000°8 
L79% 
CSEeL 


*YOQOT Wory ooduUetezssTp Aq poutTwisqep st OCH, 


TeIOL 

>| 

PN 

140) 

*390 [#20] 
BW 

UW 

aq 

Eb 

tal¥ 

°2903 Teo] 
AILY 

tS 


VTINWHOd TVENLonars 


Jee 
79°S6 
Z0°0 
07°0 
TS*0O 
€6°0 
Sect 
7L FOV 
OTé0 
7907 
7£59 
E9™0 
08°0S 


8-TL 
cL 


¥0¢H 
Teo], 
10 

a 
0°x 
OCeN 
0e9 
Os 
oun 
Oe 
€octy 
Corl 
Corts 


aM xO 


GHNNILNOO 6 ATAVL 


one 


a) 


Me Oo af 


cs 


e * 
Pe 
Us 


. 
i — 
i 
ot 


me 
es 


fey Oe 


> Pa at 
Cay 


~~ 
oy 
7 


im 


~~ 


& e 
oe 


| 


Laer) < 


sulsy apginpe 6 ab iA? 


i205 SG.8: [SDs 
Ie Se SSS op ee 


sis ct..% Te.A ” 
RANE TLOr ES 


a5 ‘ > <x cy a 
sao &* | hee rib 


: 
oe x <) aC 


ree =e ° o*3 5, 
i 7 A wt 
re, .. } ty oe. 


™ >» S40 8: “RS x 8 
hp ae Cel ecu ro. 
Fr t 
a 


eget ($08 of 


“et! aA 


ea Oily « Her. 
Hos 9 bed Pity 
2e5.5. Sad i 


75 


useq Jou sey fofog Se. ont 


*SsuOTIeTNOTeS AeyAANyZ uz pasn ou st o¢y 


PA UNWTXeW e& ST STU] 


CLOETL 
600° 
CEOs 
T€6°T 
OL0°S 
Leia 
71 O08 
VaAS 
0 
LEG: 
LESS 
9) 
£TT°S 


LEE 
e796 
00°90 
CTO 
S0°0O 
C160 
68°C. 
930Cc 
cLEO 
teel 
c7e0 
00°0 
86°LS 


AtOTSSOT 
8c 


SLO S 
620° 
80° 
ELLOS 
BOe-S 
7€6°% 
¢70° 
98T° 
700" 
¢90° 
000°8 
ele. 
ASAE 


SNHOAXO €¢ AO 


6L9¢ 
08°26 
Lo20 
Sy aw 
ot 0 
yas 
CSECT 
76 5¢ 
BE “0 
TGA 
87°O0 
TO0°O 
oS? LS 


(1) 9=Z21L 
tz 


LEE 
cT0° 
CoO” 
076°T 
S9GEg 
SE6°7 
GLO. 
Svc. 
800° 
¢90- 
cl0°s8 
0 
cl0'3 


066¢ 
OTSZ6 
LOGG 
L0°0 
60°0 
80°O 
66061 
9LLEC 
OT*O 
TT6e¢ 
07°0 
80°0 
L7eLS 


666°T 
Lepr 
L270. 
Leo | 
6ES°S 
66L°% 
710- 
Sch. 
900 
L60° 
St058 
0 
Sts 


SISVd 


T9°C 
6626 
OT°O 
£0°0 
CLAD 
Si-O 
$6 cL 
905 EC 
CEO 
ed 
6S °0 
90°0 
LY cS 


G-EL 
Gc 


786°T 
CuO: 
8S0° 
ecG 1 
2740S 
ct6 7 


60T° 

tL0°8 
0 

TL0°8 


SUL 
St0° 
20% 
666°T 
926% 
wae Y 
8c0° 
709° 
c00° 
860° 
000°8 
O9T° 
O78°L 


*pouf~umiziojep 


"Z00T WOLF POUSIETZTp Aq peuTwrseqep st O¢Hy 


TeI1of 

y 

eN 

e9 

"290 LeQoyg 
BW 

uy 

oq 

Tt 

TAL 

*393 TeI07 
arly 

TS 


4HL NO VIANYOX TVaNLonuLs 


O98y 
07°S6 
cO°O0 
Ge 0 
cu 0 
TZ°0 
£G5cl 
LUZEG 
00°0 
G8°0 
so°0 
00°0 
COPLS 


67 CL 
vaA 


ORS 
78° L6 
BE °O 
00°0 
6T°O 
9¢ £0 
ESET 
67° 07 
7CV0 
STcs 
LSet 
c0°0O 
ECa9S 


6-EL 
a4 


¥%0°H 
Teqoy, 
13 
og 
0° 
ocen 
Oe) 
O3W 
oun 
Oe 
OTL 
Corts 


IM XO 


GHNNILNOO 6 ATEVL 


Wearyiy J 
i vel ; 
i 
» 
« 7 
J 
u j 
i 
ul 
yy 
. ba - 
as ‘ a 
‘ ‘ -¥ 
; ; , 
e , 7 ; ' 
7 pa + 
‘ 
: 1 
i 
- * 
4 : 
x * - es 
- 
fei ~~ 
. < 4 - oe. 
' 
1 
hus ' 
: wae ¥ 
* 4 ~ 
* 
; : 
w 
+ 
a ‘ * 
af, 2 , 
4 . 
< i 
.- ' 4 
i 
a %, ~ ‘ee ‘ f Fo <9 oy) Li} 
zy: } € »¥ i f c é os ° ° 
ad 7 f a iN 7. me a ; Bt | AY ~ 
a ? mrs x “4 . i 
6 2 
in ‘ 
ae 
y > , ih 
oo ” a <2) ene : 
2 t 2 * oy 1k i.* : _ > a f ie ~ io a ha: 
eo fe eS be ee ee 
i, 6 a { ey ee iH ‘ ’ ’ , at 
in i ° ‘ * 4 . sa eet tS"S &) Sb aire 
4a 7 } \ ay alt) * The ' a ~ rr 
< cee eee Ss, Wipe 
4g ne at 
7 OM i ue oe] “4 hs 1 AR oo one 
A 7 » =) y _ - b rc? yp re ti € cS £5 ete 
i ~ aw a . 
- ’ 4 ~ ae ae) ~ ‘ ? y *, * 
+ a . hee we OE tAs ‘ dn — = » ~S r 
a e 7 =; ‘ . . s ¢ a ¥ - q \? po oo) Ss te o 
= ay ce ma i < 3) Ae 4 nm 2 We) 
7 gy: ; 2 
. f £3; - ex 
~ 7, #4 te. ot ' Aan... we. TOR a wo 145 0) ore 
> 2 ie # Fy be a ae ee ee ce 
A Yh So ~ y .¢ > Ce Ee ite ° ° < « . . r>, 
2 a ee . o. '& | ee, Bed Soe es Mad oo & Ata 
' 2 ‘- a 3 3. Fe oe (r= 4. 
= a bs 
~ 7 _ 
= 7 


a 


3) Tar 42: FS: 


aia 


oe 


ry » 
<oruy ocr” 


76 


*peuTuZaIap useq Jou 


OS0°?¢ 
870° 
Bits 
2heisaad) 
6Vi=s 
Esc '€ 
ve 0° 
Se eat 
600° 
oe tag 
000°8 
COt 
809°L 


038°0 
07°66 
OT°O 
£0°0 
00°0O 
LEGO 
Cred 
Of" cT 
Gf St 
87 °0 
00 V1 
Oe 
60°O 
Wi - 6S 


(1) Z2-La1S 


Be 


L60°¢C 
890° 
TER 
SOx 
601 ~S 
O99 *& 
ECU" 
STO 'T 
e.LOe 
66T* 
000°8 
£S7* 
CTS 


78 °Z 
OUL6 
8T "0 
c0°0 
00°0O 
Be °O 
oc? O 
TS ct 
vg ines § 
et" 0 
QS’°8 
oe 
oO 
G8°CS 


Le 


SH00uU OLHdGYOWVLAN TVNOLOZY WO SAIOMIHANVY 40 SASAIVNVY AGONdOUNDIW NOYLOAITA 


6-LEOT 


sey &olaq se ontea umutxeu e st STUL 


ARS ers 
69C 
LTS° 
€S8°T 
BiGas 
VOTE 
TYO° 
CGC 
O70= 
See 
000°8 
USC at 
O99 


LO. 
66°86 
A 6) 
c0°O 
LOS 6 
Oe Lk 
LET 
Ted. 
06°OT 
Ge 
LECT 
TS °6 
£770 
66°E% 


8-LV8 
oc 


OO 2 
690° 
Yoo 
SOLer 
COEsG 
SE7°C 
¢00° 
6éS °T 
3, 21 Oe 
S8T°T 
000°8 
669 1 
BLe9 


cL © 
82° L6 
70°O 
00°O 
00°0O 
Ee 
Fee | 
67 Et 
Gc, EL 
70°0 
Toe Gl. 
Jee he 
(Bardo 
9LIEY 


BT-L009 


St 


987°C 
630° 
GOS 
SOS TL 
68C S 
668 I 
GGOs 
GLY CC 
LTO 
6SG" 
000°8 
OCCT 
OLTe9 


80°T 
6°86 
£030 
TO*O 
TO0°O 
EPO 
Si T 
29-01 
CSS 
Tc 
78° 6T 
OSseT 
E70 
C7 2c 


LT-L&TS 
yas 


TH9°? 
Hay hy 
tele 
600°2 
8c0°S 
Loy Ay a 
970° 
EOE C 
¢80° 
G7L° 
000°8 
059 T 
Ose °9 


LT°OOT 
80°O 
$0°0 
TO*O 
79°O 
Sit 
EO-CT 
SO°8 
Lge 0 
ce 6L 
Eine 
LEO 
Saucy. 


BO=dMcL 
ce 


O96 2 
90T” 
Logs 
LTS T. 
COC °S 
T66°T 
ESQ, 
C5206 
fe Gare 
5 
000°8 
eSS'T 
Cur 9 


SNHOAXO €¢ HO SISVG HHL NO 


90°¢ 
76°16 
€0°0 
60°O 
00°O 
¢c°0 
6y TL 
ys aa We 8 
98°8 
Gcc°0 
Shel toi | 
6S" ¢cT 
acne 
82° CV 


8-L009 


Co 


*SUOTJETNOTeD AaeyzZANJ ut pesn you st o¢y 
peutuieiep st OCHx 


GSS°? 
8LZ° 
VCG 
€06°T 
860°S 
OL0e?e 
Cie 
L19ec 
60T ° 
OCE 
000°8 
Ly Seat 
ESE°9 


(is 
6€ °86 
OT°O 
O70 
L020 
Sb 
Lon 
6920 
L8°8 
£0 
6S 02 
86°OT 
S6°0 
LEW 


(Z)ZZ-LG1S$ €I-LAOT 


13 


*YOOT wWolzy soUeATZTITp Aq 


8TZ°? 
7TO° 
0 
VO ¢ 
Set. § 
Sto 
L7O- 
906 @ 
CLO: 
319° 
000°8 
969 '°T 


795 9 


£0 © 
L6°96 
aN 


hm Ww ~<t 
eas) I F< Bt | 


6e Et 
99-9 
TSG 
SY 6 
9e GL 
CoO 
cL TY? 


eo, orea' 


(2) 


O€ 


978 °C 
€ST* 
Ley 
969 Ff 
S9T°S 
VOT T 
SCO - 
$66°2 
0S0° 
L86° 
000°8 
926 -1 
7CO 9 


TeqoOL 
y 

eN 

e9 

‘490 [EI0R 
SW 

UW 

aa 

+L 

TAl¥ 

Sao LeaOr, 
arl¥ 

ts 


VINWHOL TVHNALOAaLs 


ate 
9°86 
Gc°O 
GE O 
TO0°O 
6£°O 
37 T 
tS &t 
ee 7 
c¢ 0 
76° 8S 
6€ °9OT 
77 -U 
Gc °6€ 


L£T-LaZ 


6¢ 


¥0CH 
Teq0], 
ad 

TO 
ord 
0°y 
ocen 
i210) 
O3W 
oun 
Qed 
OTL 
Cots 


43M XO 


“OT ATEVIL 


y Es tf 
. 
é 
ee ps 
- a. 
i 
' - 
vy 
i if ‘ 
ian | ; ; 
/ ; ; 
SP 
’ ' 
q 
. ey 
; 
: + = oe ‘ 
‘ ae r - 
1 he iio » tre 
e * s 
’ ¥ 
' _ s 
j jc ) “a u 
7 « a . LS P| . 
: : 
2 
2 
7 ' « 
; ; . 
; ] i] Cy q 
yoy 1 
. 
f ‘ , ! ait 
7 , os 
’ 
' 
| , 
i 7 | ae 
u 4, ered 
‘e a 
: — 
’ f ae b- i 
y . y Ps PS 
‘ 
; i f fo ¥e 
/ > pF 
, - 
F ‘ ‘ . ry 
. ‘ y¢ oS i ae 
io” * oe oe 
Can 
r 
~ 
7 “uw My —s 
2 as 
ang Cn : Lo % 
; ‘ t 4 ¥ , * = 
=~ ~ . _ = bin & y 
‘. : ’ ; . ‘ = 
a 
ri - 
° a 
of be i PG > 
& ; q ioe } re a, Pa, ; 5; rt 
' 7 x 1 * a " 
: 7 , i ‘ td ‘ ‘ 
+ 
“ys — — 
? 
: 


tun 
: : 7 i 4 ka 
; . t i ta 4 be Tey 
Os : ca 4 ‘ | " a 4 
“at van ee be ‘ ne > Oy oe Kak 
e he ~ ~ 
} Le tea] 
al f . « 2 - 
‘ s 
rey 
a ee 
’ i, ae 
hap - bee me 
| ay ; he J 
. - os . on, y a > ‘ ui? 9 ee a 
| ber f ? 2 oi eC 2 pee ae 
- " 
hg a4 4 F wi , fe M a " . > ee, : * 
ee a va, <8 + = : o + Cant <a ye 
Pr * 
, ‘ 7 ° “4 ; c r 
Ge : ee: 
‘ 
~ & oy 


% 
~~ 

vou 
= = 
<7 


bay 
i 4 
4,! 
% ¢h 
ap we DS e Pete 2 te e 
’ 2 rb we. i. 
So be -/ ‘ 2 a 
/ tie eee a oe 
cme, - ’ * ‘ b . 
| ; vel | * wy AY e- - 
1 4 


5 
=* 


i Sal 


+ 


77 


“SuOTIETNOTeD AoyAANZ UT pesn jou st Q¢qy ‘peutwzaqep uaeq jou sey fQlag 
SB onyeA UNUEXeU @ ST STUL “*Z%OOT Worz BsoUerAeTTTp Aq poutuAsIep st OCH» 


6c0°?S 
€£0° 
6S0Q° 
£E.6° TF 
¥90"S 
STL°€ 
£LO° 
otc T 
c00° 
aa te 
000°8 
coc” 
i laa 


SNHOAXO €Z dO SISVG AHL NO 


06° 1 
OT°86 
aN 
00°0 
00°O 
81 °O 
6c 0 
LC ek 
68°24 
v0 
&¢ ‘OT 
SO" ¢ 
c0°0 
06°7S 


€~-1009 
Ov 


€66°T 
E20. 
080° 
698°T 
O8Z°S 
Sav & 
020° 
COST 
S00° 
£é0° 
000°8 
8S?" 
crs & 


TRIOL 

| 

eN 

170) 

290 Teo] 
3H 

uy 

a4 

FL 

TALV 

“o}. [e207 
TS 


VIANKOd TVENLONULs 


S8°cOT 
9-0 
00°0 
00°0O 
76.0 
Or OQ 
LS "cr 
GS °9OT 
Ga ° 0 
cS ST 
96 © 
S0°*0O 
Tee 9S 


L£~-LaZ 
6€ 


¥%0CH 
TeqO], 
a 

td 
org 
ocx 
oCeNn 
e110) 
o3n 
ou 
O24 
focty 
COTL 
Cots 


4M XO 


G4NNTLNOO OT AIEVL 


oe ar ee 5 <i 
ae a} y } il 
; wt a e To ee. 
i 
ree yet ~ . > \ 
¥ rs Pitman <S, ; : id 1 " z ‘ . 
‘ 
ie s é ' a Py: * ae 
5 
= é ia 
' F 1 bi 
7 
* : ' . 
| i : ” ‘ 
. one F A 
Fs Ul ri 
J : 
i 
F) Fy f . x 
i 
~ : ¢ i 
* 
" : 
’ 
4 * . * 
' 
; 4 Ti ? « ’ 
net co 7, ma i é 
= . . : 1 : q y2 ; »’ 
é 
avi ‘ ” = 
x 
sy 
¢ vat 
¥ - q 
, ‘ 
i 
{ -.2 § 
- ‘ a ; ¢ iB 
- . . f ? 2 > 
4 4 
} * 7 
> . we 
> \ 
he 
F | 
se ih pap . r * —) “+ : a 
\! 
« An’ A 
e Z » =] “ e + 
° - ; . es il ? = 
Lt = ‘ 
c - 
Pt P, a 4 
Ln 4 oe Tj. wea cle ou oh ft ci 7 é +, ‘ 
Yrs eer th) Pa: As cam 7 een i dey , ae MOP age 7 4 a yA - 
; et ey: - 2“ — > "3 ~ = in Pie bo 4 
be i St ? +“ i 24 4 Pt 4 ‘ « “ 
‘al > e ‘ ’ * . . - « he” Fie 
iS t ei ry et - b- co —* > bg a * “= St 
=“ —_ : Pec ae * Te -" 
i i -. : 
‘ ne a % 
, Migs ry A os o . Pex) 
ty a Lyi 2 fu4 7 BM ed. ay 229, i yp 5 te FY ami — 
in) ATES Od ee ee es Ls I eee, ee (<a GI pw Ee a gets Ga) aT 
= mn OC iS Bes eS BS ee Cale ce ai Pi. sa leo, 
A *” * 8 « * . . a . e . ‘a iy a ow ee ore “~ ‘ : 
> Oe net mar 4 boy bas 4] ey ~ be ae eae 2 ee fe 
i ea bs ‘ 3 7 hae a an Wit! Te ioe Bice mm 
- s : i] ~ hed 7 +9» 


a 
&EGL 
bg 
st 


eS 


dina 7 


aa) ‘ 


while actinolite is present as a rim, as patches within the amphibole, 
or as separate grains coexisting with zoned amphiboles, The textural 
Pe aicnships of the zoned amphiboles are described by Winzer (1973) 
(Appendix 4). 

Hornblende coexists with biotite, epidote, feldspar, garnet, and 
quartz, but not with diopside, It is usually subhedral and often 
poikilitic, enclosing biotites, feldspars and quartz. A few hornblendes 
have very fine, colorless cummingtonite exsolved within the central por- 
tion of the grain, but this has only been observed where the amphibole 
is zoned. No other varieties of amphibole have been found in any of the 
rocks studied. 

All amphiboles studied are calcic or subcalcic; most belonging to 
the series actinolite-pargasitic hornblende. Twenty-eight amphiboles 
from different rock types from Kootenay Point were analyzed and are 
Peecodtaa in Table 9. Table 10 consists of 12 amphiboles from regional 
metamorphic rocks. The range of compositions in terms of A-site occu- 
pancy and tetrahedral Al is illustrated in Fig, 23, The larger number 
of amphiboles studied fall near the actinolite corner, between AllV 9 
and hae 0.7 with the smaller group clustering between hornblende and 
pargasitic hornblende. Some amphiboles plot off this trend, with a sug- 
gestion of a series along the hornblende-actinolite join: 6CCT-la (35) 5 
375-140 (3), 7RT-17 (29), one tschermakitic amphibole, 10BT-13 (30) and 
8AT-8 (36), an edenitic amphibole. Tielines join pairs of amphiboles 
coexisting in a single thin section: T4-6A 1,2 (130020. SUBT~2 28 Bs eat. 
38). These amphiboles indicate solvi and miscibility gaps in the series 


and will be discussed later. 


Perhaps more useful from the standpoint of classification is 
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Fig. 23. A - site occupancy against tetrahedral Al for all amphi- 


boles analyzed. Numbers correspond to analyses in Tables 9 and 10. 
A - site occupancy is calculated as Nat+K, as ferrous iron has not 


been determined. 
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Leake's plot (Leake, 1968) for calciferous and sub~calciferous aiphi- 
boles (Fig. 24). By this classification, the larger group of Kootenay 
amphiboles are tremolites, some quite near the ideal tremolite composi- 
tion, with a few tremolitic hornblendes. The more basic amphiboles are 
tschermakitic or pargasitic hornblendes, with three edenitic hornblendes 
and two tschermakites. Four amphiboles plot as magnesio-hornblendes, 
Four amphiboles, 24, 25, 26 and 28 lie outside the plot, with Si >8. 

The reason for this is most likely error in the analysis. 

Examination of both plots together reinforces the impression of a 
compositional gap between the tschermakitic and pargasitic amphiboles 
(hornblendes) and the actinolites. The greater number of actinolites 
are aluminous, and a miscibility gap lying between pargasitic hornblende/ 
aluminous actinolite has been proposed by Read (1973) and also by Winzer 
(1973) (Appendix 4). The amphiboles examined by Winzer are zoned par- 
gasitic hornblendes with aluminous actinolite rims. 

Solid solution appears possible between aluminous actinolite-acti- 
nolite and pargasitic hornblende-aluminous actinolite, but the two 
series are separated by a miscibility gap located near A1LV = 0.7% 

ZA = 0.35, The degree of separation between coexisting pairs within the 
same slide, or zoned amphiboles with a sharp break between rim and core, 
marks the width of the solvus between aluminous actinolite-actinolite 
and aluminous actinolite-pargasitic hornblende. Fig. 23 illustrates 
both minimum and maximum widths for the solvus. Between 10 and 12 the 
gap is about 0.2 structural formula units wide in arty; The maximum 
Width is about 0.8 structural formula units, A1lV. The range of solid 
solution is given by the range of values on both sides of the gap, but 


caution must be used in this interpretation as the amphiboles from the 
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Fig. 24. Classification of analyzed amphiboles. Plot and 

compositional fields after Leake (1968). Numbers correspond 
to analyses in Tables 9 and 10. Numbers 24, 25, 26, 28 and 
S2etall outside fthe. range,of Si,;or Ca.+.Nact K (Structunal). 
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region form at varying temperatures anc pressures. The amount of Alj03 
present in an amphibole depends to ae extent on the amount of A1503 
present in the rock, as will be discussed shortly, but the formation 

of amphiboles with specific amounts of AILV and Na + K appears to depend 
largely upon physical conditions of formation. 

Leake (1965) suggested that a relationship existed between AilV 
and the maximum amount of A1Y! that would be present in the amphibole 
Bectice. He further suggested that high pressure favored higher octa- 
hedral Al in amphiboles, based on behavior of other minerals with octa- 
hedral Al sites and octahedral Al values in amphiboles coexisting with 
kyanite, jadeite and prey eoenane: fig. 25° 1s a pict of ALLY ys, ail 
for all amphiboles studied in the Kootenay region. They show consider- 
able range, and all except 6CCT-la (35) fall below the maximum A1VI 
permissible. This trend is produced by at least two factors, rock com- 
position and physical conditions of metamorphism. Al1/Mg + Fe rock 
against Al/Fe + Mg amphibole ratios show that amphibole Al/Fe + Mg 
ratios generally correlate positively with Al/Fe + Mg ratios. The 
dependence of Al also is related to K and Na values (as K + Na values 
increase with Al values, see Robinson, Ross and Jaffe, 1971) and is 
complexly related to the rock mineralogy, notably plagioclase (Leake, 
1965, 1968). Fig. 23 illustrates the interdependence of Na + K and 
Se Gerahedral Al. Comparison of the analyses with the traces given in 
Winzer (1973, Appendix 4) will show that the same substitution scheme 
Operates in the amphiboles from the Kootenay region as operates for the 
zoned amphiboles from Kootenay Point, as well as for gedrites (Robinson, 
Ross and Jaffe, 1971). 


In order to know the dependence of Al in any structural site on 
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Fig. 25. Octahedral Al plotted against tetrahedral Al for all 
amphiboles analyzed. Tielines join coexisting amphiboles and 
core-rim compositions for zoned amphiboles described by Winzer 
(1973, Appendix 4). Numbers refer to analyses in Tables 9 and 
10. Heavy diagonal line refers to the maximum amount of octa- 
hedral Al for a given amount of tetrahedral Al (after Leake, 
£965)»; 
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external conditions, amphibole compositional dependence on rock composi- 
tion must be discussed. Internal conditions are gencrally not discussed, 
as rock compositions are not often determined. Regardless of the miner- 
alog*tcal determinant for rock composition, amphibole compositions cannot 
be compared usefully without the rock analyses, as the next figures will 
show. When A1!V and A1V! are plotted against Al/Mg + Fe ratio in the 
rock, only a general positive relationship is noted. Plots of Fe/Fe + 
Mg rock against Fe/Fe + Mg amphibole for both Point and region indicate 
linear positive relationships between the two ratios (Figs. 26 a, b). 

One can establish that complex relationships involving positive and 
negative correlations between MgO and FeO exist for different amphiboles, 
and that these relationships are different when grade is added as a 
third variable. Fig. 27a plots FeO against rock FeO for amphiboles 

from the Point and shows two interesting things. First, as expected, 
increasing FeO in the amphibole is correlated generally with increasing 
FeO in the rock, but two distinct fields are present, and the relation- 
ships within these fields are different. At lower FeO values, actino- 
lites and tremolites are found, and with some scatter, they show a 
direct positive relationship with rock FeO. MgO plots (mot shown) show, 
on the other hand, a less well-defined case. The tschermakitic, pargasi- 
tic and edenitic hornblendes correlate positively with increased MgO 
content, but with considerable scatter. The opposite is true for amphi- 
boles from the region. There is no well defined correlation for FeO, 

but MgO in amphibole shows a positive correlation with MgO in the rock 
(Fig. 27b). These two plots suggest a control independent of rock com- 


position, at least for MgO in actinolites and to some extent FeO in 


hornblendes. The hornblendes decrease in iron with increase in 
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rock FeO, while with increased rock MgO, they gain some MgO. Tremolites, 
on the other hand, gain. FeO with increasing rock FeO and may gain MgO as 
well, but they respond to MgO in a more complicated way. ‘These relation- 
ships further suggest that different coupled substitutions accur in the 
tremolites compared with hornblendes. 


Figs. 28 a,b are plots of Ti0, in the rock against TiO, in amphi- 


2 
boles. The trends are distinctly different. Fig. 28a, for amphiboles 
from the Point, shows a definite positive trend, while those from the 
region (Fig. 28b) do not show a similar, well-defined trend. There is 

a suggestion of an increase with rock Ti0., but only for the last three 
samples. Comparison with Fig. 27 indicates that Fe and Ti are linked in 
a lattice substitution scheme, but where temperature and pressure vary 


as well as composition, the link seems to be suppressed. Further dis- 


cussion of these variables will be presented in the metamorphism section. 


Pyroxene 

Pyroxene occurs in siliceous carbonates and calc-silicates from the 
Kootenay region. Pyroxene-is found with calcite, dolomite and tremolite 
in siliceous carbonates, and with actinolite, actinolitic~-hornblende or 
magnesio-hornblende, epidote and biotite in the more mafic calc-silicates 
and "amphibolites". All pyroxenes found are clinopyroxenes, and no 
orthopyroxenes appear. The assemblages diopside-enstatite-(or hypers- 
thene) hornblende or diopside-hornblende are absent, except for 5LBT-22, 
which contains zoned amphiboles and salite. 

Pyroxenes in the Kootenay Arc appear in a few different textural 
relations. In rocks from the Point, they occur as pale green crystals 


up to several centimeters across, or as green or white crystals several 
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Fig. 28 a. TiO? amphibole against Ti09 rock for amphiboles from 
Kootenay Point. Numbers correspond to analyses in Table 9, 


fic. 28 b. TiO, amphibole against TiO, rock for amphiboles from 
regional metamorphic rocks. Numbers correspond to analyses in 
Table 10. 
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millimeters across. In thin section, the larger grains tend to be poiki- 
litic, enclosing actinolite, tremolite or magnesian biotite. he larger 
grains are generally subhedral and sometimes anhedral or blebby. Smaller 
grains are often equant and euhedral to subhedral, occasionally growing 
together as aggregates. In regional rocks pyroxene textural relations 
are similar, but in some rocks they occur in bands with actinolite, 
microcline and phlogopite and usually appear less stable. Smaller 

grains are anhedral and blebby. In both regional and Point rocks, pyro- 
xene can commonly be found in a reaction relationship with actinolite 

and carbonate. 

Twenty-one pyroxenes were analyzed by electron microprobe for nine 
elements. Thirteen were collected from Kootenay Point, and of the thir- 
teen analyzed, four are from one thin section. Eight pyroxenes from 
regional rocks were analyzed, of which two were taken from the same thin 
section. The analyses are presented in Tables 11 and 12. Molecular 
end-members are calculated for CaSi03~FeSi0,-MgSi04~-Na,Si02, but only 
the end members for CaSi0..-FeSi0.-Mgsi0 4 are plotted on a pyroxene quad- 
trilateral (Fig. 29). Pyroxenes from the Kootenay Are lie along the join 
diopside-hedenbergite, most being either diopside or salite, using the 
classification of Deer, Howie and Zussman (1966). All except 10BT-11 
ft), a ferrosalite, plot near the maximum permissible CaSi0, content. 

All contain from just less than 1 to 24 jadeite (based on the Na calcula- 
tion). Sample 10BT-11 (1) contains 6.5% jadeite component. All pyro- 
xenes deviate from the ideal diopside-salite-ferrosalite composition in 
that they contain significant aluminum. Almost two-thirds of the pyro- 


xenes studied contain more octahedral aluminum than tetrahedral aluminum; 
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Fig. 29. The pyroxene quadrilateral, after Deer et al.(1966). All 


Ppyroxenes analyzed are plotted as numbered circles. Numbers cor- 


respond to analyses in Tables 11 and 12. 
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the significance of this occurrence will be discussed later. 

The grouping of pyroxenes on an ACF plot (not shown) is quite close 
and is a result of the lack of significant solid solution of soda or 
alumina in the system. The pyroxenes studied are dependent on rock com- 
position for their Fe/Fe + Mg ratios, as can be seen from Fig. 30. 

Rocks from Xootenay Point form an almost linear relationship when 

Fe/Fe + Mg ratios are compared, indicating that the composition of the 
rock was the prime control, grade being equal. Pyroxenes from the 
region show more scatter, with only two lying on the line determined by 
pyroxenes from the Point. Al/Mg + Fe ratios for pyroxenes and rocks 


show no systematic variations. 


Epidote 

Paragenesis of the epidote group in the Kootenay rocks is complex. 
In no rock studied can it be said that epidote group minerals are 
Stable. They are usually found to be in a reaction relationship with 
one or more of the following: amphibole, calcite-plagioclase-quartz 
or possibly diopside. Epidote group minerals occur in rocks of varied 
compositional type, from pelitic or calc-pelitic rocks to amphibolites. 
Chemical data for epidote-group minerals is limited to four thin sec- 
tions and five analyses. Two analyses are from basic rocks (one-or~two 
amphibole gneisses) (T3-11lb, T4-8b) of Kootenay pone the other 
three from two regional metamorphic rocks, both calc-silicates. 
Analyses are presented in Table 13. 

Examination of Table 13 reveals that the epidote group minerals 


analyzed are low in "pistacite'" content (calculated as moles--octahe- 


all Fe as Fe°*). They range from Ps. - 


dral Fe2t/Aal + Fest 9.28 
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Fig. 30. Fe/Fe + Mg pyroxene plotted against Fe/Fe + Mg rock for 
all pyroxenes analyzed. Scatter is caused by pyroxenes from 


regional metamorphic rocks which do not fall along the line 


defined by pyroxenes from the Point. Numbers correspond to analy- 


Ses in Tables 11 and 12. 
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TABLE 13. ELECTRON MICROPROBE ANALYSES OF EPIDOTES 


i 2 3 4 5 
Ox Wt T3-11 T4-8 L1CBT-7 7RT-7 (2) 7RT-7 (1) 
S10» 3706 om 345990 0, 38.11 38.96 39.02 
n10, O18. eal 0.16 0.05 0.08 
A1,0, Phe O96 05. Lb 30.29 29.11 
Fe503 i ir ine 6ipar alaes Ha ye 4.85 5.68 
MnO 1.3.4 10.08 0.03 0.04 0.06 
MgO ele 0e09 0.09 0.04 0.05 
CaO Dl eos) Pas 2.6552 24.03 23.88 
Na»0 Oot 0000 0.00 0.00 0.00 
Ky0 0.09 0.07 0.07 0.08. 0.08 
Cl 0.01 0.04 ND ND ND 
Total 94.91 97.81 100.55 98.34 97.96 
Hy0* 5.09 2,19 -- 1.66 2.04 


STRUCTURAL FORMULA ON THE BASIS OF 12.5 OXYGENS 


Si 3.015 2.993 2.950 2.989 3.015 
Al 0 007 .050 01d 0 
Tota 3.015 3.000 3.000 3.000 3.015 
Al 2.3974 22.399 DAD 72 28 2.665 
Fest e716 580 589 280 330 
Total 2 O43ee 2.979 2.861 3.008 2.995 
Ti .O11 007 009 003 005 
Feet AN o) none mee Ras 
Mn .009 005 .002 003 004 
Meg 025 011 .010 005 006 
Ca P°BGEm™ F2002 2.199 1.975 12077 
Na .002 0 0 0 0 

K 009 007 007 008 008 
Total 1.020 92.032 ee, 1.994 2.000 
Ps 232677 - 19.48 20.23 9.28 11.08 


*H»0 is determined by difference from 100%. Total Fe as 
Fe203.. H)0 is not used in further calculations. 


ND = Not Determined 
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PS53 67° T4-8b and 13-1 are optically identifiable as epidote, with 
2V~80°, opt (-), and definite pleochroism. The others are clinozoi- 
sites (colorless, pleochroism faint or absent, 2V~60 opt (+)). Both 
groups show anomalous interference colors, although epidctes from lower 
gerade epidote-actinolite assemblages show normal colors. 

Epidote group minerals are compositionally complex, being able to 
incorporate large amounts of rare-earths and other trace elements into 
the lattice. Examination of the minerals studied shows that generally 
low totals are encountered, except for 11CBT-7. The low totals can be 
produced by 1) a certain amount of water (up to 1 (OH) per formula 
unit) or 2) by the presence, in large amounts, of rare-earths or other 
trace elements. Up to 22 HO is encountered (Deer, Howie and Zussman, 
1966), which is enough to account for the totals of 7RT-7A and B, but 
not enough for T3-1l1b and T4-8b. T3-11b is especially low, and the low 
Ca suggest high rare earth content (undetermined). Structural formulae 
(calculated with all Fe as Fest) are good, with the exception of 1L1CBTI-7 
which has a bit too much calcium. No error is indicated in the raw 
data, but calcite is present in several epidote grains, possibly pro- 
ducing above normal calcium counts. 

Clinozoisite shows considerable variability within a single slide, 
a variance suspected from optical data. 7RI-7 (1) and (2) have quite 
different Al/Mg + Fe ratios. Iron-poor epidotes and clinozoisites 
observed in thin sections from rocks at lower and higher grades are 
often zoned, with iron-rich cores and iron-poor (non-pleochroic) rims. 
Also, two epidote group minerals will appear in the same slide. In 
7RT-7, the two are probably related to different volume chemistries 


during formation, but in other slides a pleochroic epidote coexists 
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with a non-pleochroic clinozoisite. Neither can be said to have been in 
stable equilibrium, however. 

Strens (1964) postulated a miscibility gap between PS13 and PS, in 
the epidote-clinozoisite series from the Borrowdale Volcanics. Holdaway 
(1965) also postulated a gap in the series for rocks formed at lower 
temperature, Chemical analyses of epidotes from the Kootenay rocks do 
not confirm the gap postulated by Strens, since pistacite contents of 
19 - 23 are found. The coexistence of two epidotes, as well’as zoned 
epidotes, could indicate the presence of a miscibility gap. No chemical 
data were taken on these complex lower grade epidotes, however, so the 
presence of a gap cannot be confirmed. 

There is a distinct change in paragenesis and amount of epidote as 
one moves from the lower-grade eastern assemblage towards the higher- 
grade assemblages along the lake shore. The low-grade assemblage, which 
appears stable is an epidote~-actinolite-hornblende~sphene-calcite assem- 
blage. The epidote, pleochroic colorless to straw yellow, is subhedral 
and often poikilitically enclosed in anhedral actinolite. The actino- 
lite, pleochroic & colorless to® = ¥ pale green or bluish-green, con~ 
tains numerous inclusions of calcite. Variations of the low grade para- 
genesis are 1) hornblende, zoned or with patches of actinolite coexisting 
with actinolite and epidote, or clinozoisite, or both. (Biotite, usually 
green, may also be present}; 2) banded calc-silicates with muscovite- 
Calcite-epidote-quartz and biotite. Feldspar or quartz-rich bands alter- 
Nate with epidote-rich bands. These are true calc-silicates, derived 
from shaley or sandy marls. At higher grades, epidote diminishes in 
importance within the slide. In the actinolite-calcite-quartz rocks, 


a greater amount of hornblende forms and epidote becomes embayed or 
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granular, It is often poikilitically enclosed within the hornblende. 
Plagioclase increases in An content, and clinozoisite increases in 
importance, while the epidote becomes iron-poor. In the calc-silicates 
Pneré clinozoisite appeared to be more abundant than epidote) epidote 
(and clinozoisite) disappear or decrease in importance while actinolite 
and diopside begin to form. At the highest grades, clinozoisite coexists 
with hornblende or with diopside, but not in apparent textural equili- 
brium. It is always anhedral and deeply embayed and appears in the 
process of being absorbed by either hornblende, tremolite-actinolite 
or diopside. | 

One other paragenesis of interest is ehh inepeli tic rocks, In 
this paragenesis, clinozoisite occurs as very small grains in muscovite- 
biotite-plagioclase-quartz-K-feldspar "schists". It is commonly observed 


to be breaking down to muscovite and plagioclase. 


Feldspar 

Feldspar occurs in all but the most calcareous rock types in the 
Kootenay Arc. It occurs as anhedral grains, usually untwinned at lower 
grades, becoming progressively more complexly twinned as grade increases. 
Plagioclase feldspars at higher grades are often zoned with higher An 
cores and lower An rims. A few cases of reverse zoning have been 
observed optically, but this type of zoning has not been confirmed by 


later microprobe analysis. 


Potassium feldspar is also anhedral and usually untwinned at the 
lower grades. At higher grades, microcline twinning develops. All 
potassium feldspar is either untwinned or optically identified as 


microcline. Microcline twinning may cover the entire grain or be pre- 
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sent in patches, often as "ghost" twins which appear fuzzy and ill- 
defined. 

Myrmekitic intergrowths of quartz and feldspar are present 
throughout the Kootenay Arc. Myrmekite occurs where microcline and 
plagioclase are in contact, and quartz is present. It occurs in rocks 
containing scapolite, in plagioclase-rich amphibolites and in calc- 
silicates, but appears absent from calc-pelitic or pelitic rocks. 

Plagioclase is usually dominant over potassium feldspar, except 
where diopside is present. In this case, microcline occurs, Poe is 
dominant over plagioclase. In rocks containing diopside, both plagio- 
clase and K-feldspar may be present in significant percentages. 

Forty-six feldspars, inclusing twelve of the orthoclase-albite 
group and 34 of the plagioclase series, were analyzed either partially 
or completely by electron microprobe. Eighteen partial analyses were 
made on rocks from Kootenay Point, the remaining twenty-eight from 
regional metamorphic rocks. 

Table 14 lists partial analyses for feldspars from Kootenay Point. 
Only the characterizing elements Ca, Na and K were determined. The 
remaining elements were calculated from stoichiometry during the 
adjust program used for correction. Molecular percentages Ab-An-Or are 
given in the table. Table 15 presents analyses for 28 feldspars 
from regional metamorphic rocks. Barium was not determined, but it is 
Probably present in greater or lesser amounts in the feldspars from 
the region. Two of the analyses were for three elements only. 

Where two identifiable feldspars were present, both were analyzed. 


The two feldspars were usually plagioclase and microcline or untwinned 
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K-feldspar. The presence of two plagioclases in some thin sections was 
confirmed optically. Thin sections were stained with cobaltinitrate 
prior to point counting to discriminate between K-feldspar and plagio- 
clase. 

Potassium feldspar: All K-feldspars analyzed are microcline, or 
grains showing patches of microcline twinning in otherwise optically 
homogeneous grains. Analyses indicate that, for rocks from the region, 
the microcline plots within the maximum microcline composition given 
by Deer, et al. (1966). However, these microclines cannot be called 
maximum microclines without substantiation by X-ray. Sample number 
SLBT-22 (21) shows considerably more albite substitution than the others. 
This sample exhibits an odd paragenesis. Two amphiboles, epidote. and 
plagioclase (albite), as well as a greenish clinopyroxene (?) coexist 
with the microcline (Winzer, 1973, Appendix 4). The two amphiboles are 
interpreted to result from a retrograde reaction forming actinolite rims 
around pargasitic hornblende cores (as well as forming separate actino- 
lite grains). The retrograde reaction involves liberation of sodiun, 
which goes into plagioclase increasing the albite content. 

The feldspar ternary diagrams (Figs. 31 and 32) illustrate that 
very little of the anorthite molecule is present in these microclines. 
Fig. 31, a plot of all feldspars from Kootenay Point, indicates a range 
in albite content in microclines of from 8 to 13%. The system is not 
excessively high in soda, however, but significant amounts of scapolite 
are found in 168-140E (12) and T2-5a (13). The other rocks contain no 
Scapolite. 

»flagioclase: In the last .ten ye it has been recognized that 
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two end-members albite and anorthite (Christie, 1962; Evans, 1964; 
Crawford, 1966; seo cthbet ia etval., 1968; Barth, 1969; Leake, 1970; 
Sooper, 1972; Cre; 1972). The more recent authors (Crawford, 1966; 
Hunahashi, et al., 1968; Cooper, 1972) have empirically demonstrated 
shape and location of solvi in the series, mainly the peristerite sol- 
vus between AN9_95° Smith (1972) has produced a tentative phase dia- 
gram putting temperature and pressures on feldspar formation and giving 
positions and shapes for three solvi in the system, 

No attempt was made to undertake a detailed statistical analysis 
of feldspars in the Kootenay rocks. Optical and electron probe recon- 
naissance work indicates that two plagioclases occur in rocks of hand 
specimen size from all over the region. Usually, an untwinned plagio- 
clase will coexist with a twinned plagioclase of higher An content. 
Because of the difficulty of distinguishing the untwinned albite from 
the quartz, the untwinned albite is often overlooked, and was not ana- 
lyzed by electron probe. Untwinned plagioclase can be distinguished 
from untwinned orthoclase by cobaltinitrate stain, but only through 
2V or refractive index measurements may the untwinned Mise (anes be 
distinguished from quartz. 

Regional reconnaissance from lower to higher grades will reveal the 
shape of the peristerite solvus if rock composition does not signifi- 
cantly influence the composition of the plagioclase, or if the position 
of the gap is not influenced significantly by rock composition. The 
work of Crawford (1966), Hunahashi, et al. (1968) and Cooper (1972) 
indicate that the peristerite gap exists regardless of composition when 


the temperature and pressure conditions are such that the solvus is 


intersected. It would seem logical that rock composition and paragene- 
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tic history would determine the composition of the unmixed plagioclase, 
and further cooling would result in intersection of one of the solvi in 
the series. With prograde metamorphism, the situation would work in 
reverse, but would likely be considerably more complicated because a 
high-An unmixed plagioclase will not nucleate. Instead, plagioclase 

on either side of the gap may nucleate at the same time. 

Figs. 31 and 32 indicate the compositional range and forbidden 
areas for plagioclases from the Kootenay Arc. The only gaps are in the 
high An group, between An, 5-Ans5 and Ans5-ANgg, but this does not negate 
presence of other gaps, because beam movement will integrate microscopic 
intergrowths in an unmixed plagioclase. All plagioclases studied have 
some substitution of the KA1Si,0¢ molecule ‘(upetonZ.)e Plots of Ca/Al, 
Na/Al, K/Al and CaO/Naj0 in the rock against An content of the plagio- 
clase reveal no direct compositional dependence between feldspar and 
rock. Instead, the feldspars tend to cluster around certain anorthite 
contents regardless of rock ratios. For instance, seven lie between An, 
and AN, 5» with a gap between An, and Ani: The bulk of the plagioclases 


fall between An,, and AN) 5» essentially the area between the An-rich 


26 
limb of the peristerite solvus and the An-poor limb of the Béggild gap. 
Within these ranges, Ca/Al and K/Al ratios in the rocks may vary by a 

factor of 10, Na/Al by a factor of 3. The data do not eliminate compo- 


sitional control, but they do suggest that external conditions of forma-~ 


tion (P,T at least) exerted more influence on plagioclase composition. 


Scapolite 
Scapolite is restricted to metamorphic rocks, but may occur at all 
grades and in a wide variety of assemblages. Until recently, little 


was known about the structure and stoichiometry of the scapolite series, 
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but work by Shaw (19602,b) and Evans, ét ‘al. (1969). has established 
working parameters for judging the range and reliability of scapolite 
analyses. ‘Two schools of thought have emerged regarding the origin of 
scapolite in metamorphic rocks, One group (White, 1959; Hietanen, 1967; 
Ramsay and Davidson, 1970) subscribes to conditions of origin which are 
essentially isochemical and with varying fugacities of the volatiles Ci, 
CO» and SO,. The other group has presented a metasomatic origin for 
Beapolite (Shaw, ét al., 1963a,b; Shaw, et al., 1965; Marakushev, 1964), 
Recent papers (Haughton, 1971; Ekstrom, 1972) discuss scapolite paragene- 
sis in equilibrium with plagioclase, contradicting earlier statements by 
Shaw that no relationship exists between plagioclase and scapolite compo- 
sition in the same rock. The paragenesis of scapolite is complex. 
Marialitic scapoiites may form by either isochemical metamorphism of 
halite-bearing beds or by Na-K metasomatism. Meionite would appear to 

be metasomatic. However, its formation by isochemical metamorphism can 
not be ruled out. Scapolite in a rock almost certainly reflects changes 
in the fugacity of Cl, SO, and C05. 

Nine scapolites in five thin sections from Kootenay Point were ana- 
lyzed for seven elements by electron microprobe (see Table 16). All 
scapolites analyzed fall near the composition of mizzonite (Me7qQ, Shaw, 
et al., 1965), ranging from Megg 5 - Mez,,g- All are high carbonate 
meionites, but T4-4a (4) and 199-146E (6) contain considerable SO, - 

Structural formulae are calculated on the basis of 12(Al + Si) x 103 
after Evans, et al. (1969). Comparisons with Evans' scapolites are 
generally good, but some differences occur. Evans, et al. (1969) 
believe that the ideal structural formula should calculate near 4000 


for W (Ca + Na + K). The range is 3927-4068, but Shaw (1960) reports 
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ranges for microprobe analyses of 3900-4120 and for wet chemical analy- 
ses 3754-4326, The scapolites presented here range from 3725-4016. 

Using Evans' criteria, 199-146E (6) and all scapolites from section T4~2 
are deficient in Ca + Na+ kK, Low analytical totals for T4-2 (2) jand (3) 
may indicate a deficiency, but totals for T4-2 (1) and 199-146E (6) seem 
reasonable. Sr was usually present in trace amounts. Other unanalyzed 
elements such as Mg, Ba or Fe may be present in significant amounts, thus 
giving low totals. Another deviation is in the sum of the volatiles. 
Hyams, et al. (1969) feel that Cl+C+S should sum to 1000, but pre- 
vious work, as well as their own, indicates a range of from 261-1153, 
Scapolites from Kootenay Point show a range of 651-1584 (Cl +C+S). 
This part of the structural formula is sensitive to small errors in ana- 


lysis of major elements because CO, is determined by. difference and has a 


2 
very large atomic proportion. For the above reasons, Ti? (1). (2) and 
(3), and possibly T4-4a (4) give large excesses for volatiles. CO, deter- 
mined for other scapolites may be as high as 4.8%. Thus, all but T4-2 


(1), (2) and (3) have reasonable amounts of CO,, while T4-4A has consider- 


2 
able sulfur. Figs. 33a, b, ec and d illustrate structural formulae trends 
for atoms Si plotted against Ca and Na + K, Cl against Ca and C+ S8 
against Ca, The plots illustrate the problems discussed above and suggest 
that the analyses fall into two groups, those with Si in excess of that 
required for the amount of Ca or Na + K present, and those deficient in Si 
for the amount of Ca or Na + K present. The evidence is inconclusive, as 
the "deficient" scapolites plot near the line given by Shaw (1960). The 
Plot of C + S against Ca illustrates the dependence of C on the analytical 
total and is not as instructive as the other two plots. The comparisons 


suffer from the fact that the analyses of Evans ét al. (1969) 


do not contain data on metamorphic grade. Thus they cannot 
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Fig. 33 a. Si atoms plotted against Ca atoms for all scapolites 


analyzed. 


Fig. 33 b. Si atoms plotted against Na + K atoms for all 


scapolites. 


Fig. 33 c. Cl atoms plotted against Ca atoms for all scapolites. 


Fig. 33 d. C+ S atoms plotted against Ca atoms for all scapolites. 


Dark line after Evans et al. (1969), dashed line indicates 


previous. trend. Numbers refer to analyses in Table 16. 
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be compared to Kootenay scapolites. However, the Kootenay ana- 
lyses exhibit some error. An error in the standards is possible but 
does not explain the two groupings of scapolites, since the same stan- 
dards were used for both. The differences, at least, are real and 
reproducible within each group. 

Scapolite in the Kootenay area occurs in different parageneses. 


The assemblages for the analyzed scapolites are as follows: 


(4) T4-4A Hornblende~plagioclase (An,9)~quartz- 
biotite-clinozoisite-scapolite 

5,9) T2-18 Diopside-plagioclase An3,4_99g, An5-biotite- 
calcite-dolomite-quartz—-scapolite-sphene 

(6) 199-146E Tremolitic hornblende--Aluminous actinolite- 
diopside-biotite-—calcite-dolomite-scapolite 

Rae es 4 Actinolitic hornblende-biotite~epidote- 
clinozoisite-microcline-albite-—quartz-scapo- 
lite 

C73) 56-20E Scapolite-diopside-biotite-calcite-dolomite 


quartz-sphene 


Other scapolite bearing assemblages from the Kootenay region are; 


29-36 Hornblende-quartz-plagioclase-K-feldspar- 
biotite-sphene-chlorite-epidote-scapolite 

18-4 Quartz-biotite-plagioclase-muscovite-calcite 
dolomite-scapolite 

3/8-3 Quartz-plagioclase (An;5)-K-feldspar (?)- 


scapolite-biotite-muscovite-epidote 


5LBT--20 Calcite-dolomite-quartz-plagioclase-scapolite- 


diopside-tremolite 

9CBI-2 Diopside-actinolite-plagioclase (An,o)- 
scapolite-Mg biotite-sphene-quartz 

9CBT-6 Calcite-—dolomite--diopside-actinolite-plagio- 
clase-microcline-epidote-scapolite~phlogo- 
pite-quartz (possibly magnesite) 

There are similarities between all parageneses. First, all scapo- 
lites, regardless of their location, grade, or rock type are meionitic. 
Second, where diopside and scapolite occur together, they are accompa~ 
nied by calcite-dolomite and either quartz or an amphibole with a high 


tremolite content. Third, the scapolite is usually seen to be replacing 


plagioclase, and if more than one plagioclase is present, replaces the 
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plagioclase with the higher anorthite content. Fourth, meionite con- 
tents are higher by up to 40% than the anorthite content of the plagio- 
clase they are replacing, and higher by up to 70% than the An content 
of the plagioclases they coexist with (usually albite). Fifth, scapo- 
lites occur in calc-silicates or amphibolites but do not occur in 
pelites. Sixth, where amphibole is present with Speyer ote, the amphi- 
bole is almost always zoned. 

A typical scapolitized rock has 5-10% scapolite in anhedral irregu- 
lar grains up to 6 mm long. In the same thin cection less irregular, 
anhedral, poikilitic grains of scapolite and scapolitized feldspar cores 
both appear. Both textures indicate growth of scapolite following crys- 
tallization of the main minerals in the rock. Magnesian or ferromagne- 
Sian silicates are usually anhedral, blebby and poikilitic, with the 
amphiboles generally fresher than the pyroxenes. Amphiboles are often 
zoned, with a continuous change from darker green cores to bluish-green 


rims. The amphibole is usually hornblende at the core, with increasing 


actinolite towards the rim. Pyroxene is small, rounded and often embayed. 


The exception to these general disequilibrium textures is found in bio- 
tite. Biotite is euhedral to subhedral, forming fresh flakes often 
present as a randomly oriented matte superimposed on all other minerals. 
It is poikilitically enclosed in amphibole and scapolite. Epidote and 
clinozoisite are anhedral and irregular, often DOC ee enclosing 
small rounded quartz grains, and seem to have been in the process of 
being actively incorporated into amphibole and diopside. 

Feldspar, where present, provides more interesting textures. Both 
feldspars may be present, but where they are, microcline is dominant. 


The plagioclase present is usually untwinned albite, but where scapolite 
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is minor, twinned feldspars up to AN 9 are present, Myrmekitic inter- 
growths of quartz and feldspar are common. The plagioclase may be zoned 
or patchy, with several irregular zoned regions inside a single grain. 
Anorthite rich cores are ces replaced by scapolite. 

In the diopside-scapolite rocks, calcite and dolomite are found in 
apparently stable coexistence with quartz. In sample 56-20E, very lit- 
tle feldspar is present, and the rock is really composed of a few large 
sieve-like grains of scapolite poikilitically enclosing anhedral diop- 
side, euhedral biotite, calcite, dolomite and quartz. The carbonates 
and quartz are rounded anhedral grains. Carbonate sometimes occurs in 
stringers between quartz, diopside and scapolite. 

The petrographic evidence indicates that scapolite is replacing 
feldspar in the rocks from the Kootenay Arc. Textures of minerals in 
the slides suggest reactions affecting major ferromagnesian minerals, 
but suggest also the stable coexistence of calcite-dolomite and 
quartz. The composition of the scapolites indicates that they formed 
under very high One low fc, and variable fc. The paragenesis of 


scapolite will be discussed in more detail in the next chapter, 


Carbonates 

Calcite, dolomite and magnesite are present in rocks from the 
Kootenay Arc. Calcite-dolomite and dolomite-magnesite are found in 
stable coexistence with one another, but calcite and magnesite are not; 
as would be expected from phase relations among the carbonates at 
moderate to high pressures (Goldsmith, 1960; Goldsmith and Graf, 1960; 


Goldsmith and Heard, 1961; Goldsmith, et al., 1962; Rosenberg, 1967, 


1968). 
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A variety of textures is presented by the carbonates. At the lower 
grades, calcite predominates in the rocks studied, but dolomite is 
usually present. Quartz, feldspar and mica (muscovite or biotite) are 
usually present in the more acidic rocks; chlorite, epidote and actino- 
lite, with quartz and feldspar, in the more basic rocks. The lower 
grade carbonates are usually rounded, eal sometimes embayed grains 
with smooth boundaries to neighboring carbonates (whether calcite or 
dolomite). The calcites are cloudy or dusty looking and are usually 
twinned. The dolomites, on the other hand, are usually smaller, more 
rounded, untwinned and clear. Both carbonates appear to coexist stably 
with quartz and feldspar. 

At the higher grades, a considerably greater variety of textures 
is encountered. Both calcite and dolomite are coarser than at lower 


grades. They may be present as separate grains, apparently coexisting 


n 
1) 
we) 
Ko) 
@ 
seb) 
5 


stably, since boundaries are smooth and “triple point" junction 
Calcite may enclose ragged, irregular dolomite, or vice versa, or cal- 
cite may be present as stringers and blebs between dolomite grains. No 
true, oriented, exsolution textures are seen, but some of the blebby 
grains appear to have exsolved from the larger host carbonate. Many 
Carbonate grains enclose silicate phases, usually tremolite or magne- 
sian biotite, but also quartz and feldspar. At higher ere quartz 

and feldspar occur, again apparently stably, with calcite and dolomite. 
Scapolite may also coexist with both carbonates as mentioned in the last 
section. In some cases, where inclusions of biotite or tremolite are 
found in dolomite, alizarin red stain reveals a rim of calcite separating 
the dolomite from the silicate. The grain is otherwise homogeneous. 


This texture is taken to indicate that the silicate has leached Mg (and 
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possibly Fe) from the host dolomite during its formation. Another 
interesting texture consists of numerous blebs of dolomite enclosed 
within large tremolite crystals. Calcite may also be enclosed in tremo- 
lite, but it is usually present in lenses outside the grains, or mixed 
with smaller fresher grains of subhedral tremolite. In some cases, the 
blebs show preferred orientation along cleavage. The larger erenelaee 
grains appear to be breaking down, 

Magnesite, recognized only in rocks from the Point, has a different 
habit from calcite or dolomite, occurring as aggregates of small anhedral 
rounded grains mixed with nearly colorless biotite and very small flakes 
of graphite. The aggregates appear as irregular pockets, rather than 
as veins or stringers. The bictites within these aggregates are usually 
anhedral and ragged or wispy, whereas biotites in the same slide from 
the dolomite areas are subhedral and generally fresher in appearance, 

Sixteen carbonates from Kootenay Point (Table 17) and nine calcites 
from the central Kootenay region (Table 18) were analyzed by Bi eeacon 
microprobe. Carbonates cannot be distinguished from one another without 
staining. Since staining ruins the polished surface of a probe section, 
areas were chosen and grains picked for analysis by reconnaissance. 

Only three elements were determined on carbonates from the Point, nine 

on carbonates from the region. The absence of dolomite analyses from 

the region does not reflect the absence of that mineral, but rather its 
presence in such small amounts that it was not easily found during recon- 
Naissance with the microprobe. Later staining turned up dolomite in many 
of the regional rocks (see modal analyses, Table 3). No siderites or 
ankerites were found in any of the rocks studied. 


Examination of the structural formulae calculated on the basis of 
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6 (0), and the totals for the oxides indicates immediately that almost 
all the carbonates studied are deficient in Ca + Mg + Fe. Occupancies 
range from 1.828-2.064, and only the magnesites show occupancies over 
2.000, the ideal value... Deer, et al. (1966) report values from 1.99- 
2.02. Several possible reasons exist to explain these low totals. 
First, in carbonates from the Point, neither Mn, Ba or Sr were deter- 
mined for any of the carbonates. Mn can be present in amounts of 3% 

or more in calcites and dolomites, but Sr and Ba should be insignifi- 
cant. The carbonates from regional metamorphic rocks have little Mn, 
however, (to .64%), and there is no real reason to expect higher values 
for the carbonates from the Point. The second reason involves the pos- 
sibility of wavelength shift giving different peak positions for Ca and 
Mg on standards and in the samples. The standards used were both 
silicates (wollastonite for Ca, olivine for Mg and Fe). The difference 
in bonding energies for the respective elements between standard and 
sample could be enough to give a peak shift resulting in lower apparent 
concentrations, especially for Mg. A third possibility is that the 
beam volatizes the sample. Care was taken to move the beam quickly 
over the specimen, and beam current was kept low (0,1 microamp). How- 
ever, low totals indicate that some volatilization could have occurred. 
The final reason is error in the standard. Errors in Mg in the stan- 
dard olivine used would introduce disproportionate errors in magnesite, 
because the sample has a Mg concentration about 20% higher than the 
standard. Even a small standard error would give an enhanced error for 
Mg in the sample. Calcium values are similar. Thus, the error multi- 


plication would be less. 
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Sphene, Staurolite and Garnet 

Sphene is ubiquitous in amphibolites from the Kootenay ee 
being present in amounts up to 6% (see modal analyses, Tables Bat) alebe 
is also present in calc-silicate rocks and occurs as an accessory in 
nearly all rock types. In the amphibolites, sphene occurs as euhedral 
to subhedral crystals up to 6 mm long. In calc-silicate rocks it is 
often "granular", present in aggregates of smaller rounded Leeenen or 
occurs as large (5 mm) irregular, rounded grains. In a few cases, sphene 
has yellowish cores of rutile. Five sphenes from amphibolites (SLBT—22), 
8AT-8, 6CCT-8) and calc-silicate rocks were analyzed for nine elements 
(Table 19). Sphenes from the amphibolites have higher A150. + FeO con- 
tents than those from the calc-silicates, and generally lower titanium. 
Calcium is higher in the calc-silicate sphenes. These differences 
probably reflect availability of the major cations, and partitioning, 
especially of Ti, between the major phases. The presence of hornblende 
or biotite would be important in determining the availability of sites 
Dor li. 

Staurolite has been found in only one small area of the central 
Kootenay Arc. It.occurs as anhedral, ye Tiens faintly pleochroic 
porphyroblasts in a rock containing two "porphyroblasts" of kyanite in 
a matrix of quartz, feldspar, muscovite and biotite, and as small euhe- 
dral crystals in another location in the same area. Other thin sections 
from the same hand specimen contain garnet, mostly highly corroded and 
absorbed into the matrix of quartz, feldspar, biotite and muscovite. 


Six elements were determined on one of the grains (Table 19), confirm- 
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ming the presence of staurolite. Adding 2% 40 to the total brings it 
up to 98%, indicating analytical deficiency, but elements such as zinc 
were not determined, 

Garnet is present in amphibolites or pelitic and calc-pelitic rocks, 
but absent from calc-silicates. Garnet also occurs in the fine-grained 
microgranites (aplites) and some pegmatites from the area. Dodds, (unpbl. 
M.Sc. thesis, 1965) reported on garnet from schists, amphibolites and 
igneous rocks in the central Kootenay Arc. He found that garnet from 
amphibolites was richer in the grossular and pyrope molecules than those 
of the schists or igneous bodies. He noted that changes of CaO, MgO, 
MnO and FeO with grade were slight, and that values of CaO, MgO, FeO and 
MnO were similar whether the sample came from the sillimanite or biotite 
zone of Crosby (unpbl. Ph.D. thesis, 1960). Dodds further noted the 
absence of garnet from some amphibolites which were located quite near 
garnetiferous bodies. He was not able to explain this phenomenon fully, 
as he had no analyses for coexisting minerals in any of the amphibolites. 
The present author has found the same phenomena, but it appears that 
garnet forms in amphibolites containing pargasitic or tschermakitic 
hornblende. "“Amphibolites" containing magnesio-hornblende or tremolitic 
hornblende are free Bpeel Lie eg Another peculiar garnet paragenesis was 
noted in core from exploration hole 2114 (Cominco-Bluebell Mine). Here 
a small bed of amphibolite a few feet thick is in contact above and 
‘below with biotite-muscovite-quartz-feldspar gneiss. Garnet is present 
in amounts of > 20% near the contacts, but dies off to nil at the cen- 
ter of the body. Grain size decreases from a few millimeters to 1 mm 


before disappearing altogether. Contacts between the gneiss and the 


amphibolite are sharp. 
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Garnet from the central Kootenay Arc shows a variety of textures 
which range from nearly euhedral (in all rock types) to anhedral, blebby 
grains or aggregates well on the way to be being consumed by other miner- 
als in the rock. The garnet is generally filled with inclusions. Most 
appear to have grown in place, displacing the surrounding material so 
that foliation bends around the grain. In some cases, mica outlines 
the garnet perfectly; in others "selvages" of plagioclase, quartz and K- 
feldspar separate the garnet from the mica minerals (see also Dodds, 
1965). Some garnet is stretched, often elongated to four times its 
width, but few appear to be "rolled", 

Five garnets, in four rock specimens, were analyzed by electron 
microprobe. The analyses are presented in Table 20. Totals from these 
garnets are somewhat high, reflecting zoning in the grains. They range 
in composition from almandine 61.5-77.1, grossular 26,0-12.1. However, 
the two amphibolite garnets (12WP-2 and 6CCTI-8) show significantly 
higher almandine contents than those of Dodds. Part of this difference 
is due to the probable presence of andradite (CaO + Fe503). The amount 
cannot be calculated because Fest cannot be determined on the ‘probe. 
Spessartine and pyrope components are small but variable. Spessartine 
is higher in the amphibolite garnets than in the schist garnets; pyrope 
shows the reverse. 

The advent of the electron microprobe has prompted more detailed 
Studies of mineral composition on the microscale, and few minerals have 
shown more surprises than garnet. Early studies by Hollister (1966, 
1969), Atherton and Edmunds (1966) and later work by Atherton (1968) » 
Edmunds and Atherton (1971), Fediukova and Vejnar (1971) and Kurat and 


Scharbert (1972) have established that garnet from regional and contact 
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TABLE 20. ELECTRON MICROPROBE ANALYSES OF CARNET 


Ox Wt 7RT-17 (2) 11CBT-16 12-WP-2 7 Bi=17.GL) 6CCT-8 


Si0, 5750 37.50 37.76 37.89 38.10 
Ti05 0.01 0.15 0.21 0.02 eye 
A150. e247 20.99 21.43 2134 21.39 
FeO 33.36 31.89 31.87 31.84 25.76 
MnO 23 ine) 2.10 1.40 2.55 
MgO. 3.46 2.86 2.45 3.10 2.69 
Cad 6.73 au 6.62 4.98 10.91 
Na 0 0.01 0.00 0.03 0.01 0.01 
K20 0.05 0.01 0.08 0.04 0.06 
Total 103.64 101.07), .102.55 " 100.59 101.59 


IONS TO 24 OXYGENS 


Si 5.842 5.908 5.922 6.020 5.949 
Al Re ays) 092 .078 0 St Pek 
Total 6.000 6.000 6.000 6.010 6.000 
Al aes 3.806 3.884 3.984 3.886 
TL .OO1 OL) 023 FU0Z OL2 
Total 3.749 3.823 37 907 3.986 3.898 
Fe 4,346 ae2O2 4.180 4,224 3.364 
Mn tay AP ae 229 188 OT 
Meg 803 672 ponyee pao ~626 
Ca be 1.194 oper a Be} 846 G25 
Na .003 0 .009 .003 O03 
K -010 002 <OLG .008 Ole 
Total 6.447 b. 24D bol70 6.002 6.167 
Alm Tao Toco 74,0 tak 61.) 

Spess oa 6 354) 4.9 3.4 654 

Pyr ot 6.6 a. 7 vars 6.4 

Gr 1550 16.4 13.4 Leek 26.0 


N.B. These analyses are from arbitrarily selected homogeneous 
areas within the garnet and therefore do not necessarily reflect 
the average composition of the grain. 
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metamorphic rocks is commonly zoned, and that zoning reflects growth 
conditions at the time of formation. The work of these authors has led 
to unravelling of physical conditions in polymetamorphic rocks. 

Garnet from the central Kootenay Arc is zoned. Several grains 
were chosen for traverses by electron microprobe. Two were analyzed 
quantitatively at stations 10 and 20 microns apart. Several grains 
were traversed using a Rikadenki three pen recorder. Comparison of 
these results for four elements (Fe, Mn, Mg and Ca) indicates at least 
three types of garnet zoning. Examples of the three types are given in 
Figs. 34 - 36. 

The first type, illustrated by 7RT-17 (Fig. 34), gives a relatively 
simple trace. The major zonation across the 2112 micron traverse is in 
calcium and magnesium. Calcium changes slowly from a low of about 4.6% 
(uncorrected) to a high of about 7%. The changes in magnesium and iron 
are opposite the caletum trend. The Mn trace shows little change until 
the margins of the grain are reached, whereupon a sharp rise occurs. 

The garnets from 7RT-17, a garnetiferous biotite-quartz-feldspar gneiss 
with minor blue-green actinolitic hornblende, are large and nearly rec- 
tangular in shape. They contain large inclusions of biotite (aligned 
within the garnet in the same direction as the rock foliation), quartz 
and feldspar. Smaller garnets are scattered throughout, 

The second type of garnet zoning is illustrated by traces for 12WP-2a 
(Fig. 35a and 35b). Two garnets are presented, one large, the other 
about 1/3 the size of the first. The smaller of the two is a somewhat 
corroded grain showing four good crystal faces. It is free of inclusions. 
The larger has good crystal form, but many inclusions of quartz, feldspar 


and biotite. The garnets coexist with hornblende. Some of the hornblende 
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grains are optically zoned, with olive green cores and bluish-green rims, 
Some separate blue~green actinolite grains appear as well. The zoning 
traces are more complex than those of 7RT-17. First, calcium and iron 
show pronounced variation on either side of the center of the grain. The 
zoning for the two elements is antipathetic, and is reflected to some 
extent in the Mg trace as well. Mn, on the other hand, does not show a 
similar trace. For the larger grain, the Mn curve resembles a depletion 
curve placed off-center... Mn rises again towards the grain margin. 

This trend is clearer in the smaller grain, which one could imagine as 
being the larger grain cut off at the Mn peak. The trace is similar 


to that of the right hand portion of the larger grain. 


The third, and most complex type of zonation is demonstrated by the 
trace for 11CBT-16 (Fig. 36). This garnet comes from a porphyroblastic 
biotite-quartz feldspar schist which contains only three or four highly 
corroded garnet grains. The garnet chosen for traversing is part of a 
knotty glomeroporphyroblast which outlines a larger original garnet. 
About half of the garnet has been replaced, and many inclusions occur 
in the remaining portion. The complex trace does not result from tra~ 
versing inclusions, however, since the station plots agree with the 
intensity trace. The garnet would appear to be a series of smaller 
grains which have coalesced, but not "homogenized". Each smaller sec- 
tion shows a similar trend, enriched Mg, Fe and depleted Ca, with Mn 
sharply enriched near the edges. In the "between" grains portion, gros- 
sular (Ca) and spessartine (Mn) components show very sharp rises, with 
concomitant drop in almandine and pyrope. 

One factor is constant for all garnets; Mn does not show a symmetri- 


cal depletion pattern, and it is always sharply enriched at the edge or 
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near-edge areas. Most authors agree that an increase in Mn near the 

edge indicates growth under conditions of falling temperature, and it 
is difficult to see how a simple Rayleigh fraction model can fit a Mn 
enrichment at the margins. 

Zoning in the Kootenay garnets arises from complex interactions 
between the garnet and its coexisting minerals. In view of the zoning 
found within the garnets, it is not surprising that those studied by 
Dodds failed to show systematic trends in bulk composition with grade. 
The petrogenesis of the Kootenay garnets will be discussed in the next 


section. 
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ote. 94. Zoning trends for 7RT-17, a Type I garnet. 
Intensity in counts per second, wt % oxide, uncorrected. 


Dashed line is used on figures 34 through 36 in order 


to distinguish Mg from Mn. 
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Pte. 35 a. Zoning ‘trends for Fig. 35b. Zoning trends 
12WP-2a, a Type II garnet. for a smaller Type II garnet 
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Intensities in counts per second, wt % oxide uncorrected. Inner 
scale MnO; outer scale MgO. 
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Fig. 36. Zoning trends for 11CBT-16, a Type III garnet. 
Intensities in counts per second (inner scale MgO; outer 
scale MnO). Wt % oxide uncorrected, 
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CHAPTER LIT 


METAMORPHIC PETROLOGY 


The degree and type of metamorphism in the central Keotenay Are pre- 
sented by Crosby (1968) is in need of revision. Barrovian zones of meta- 
morphism, determined by the first appearance of certain index minerals, 
do not precisely reflect temperature and pressure of metamorphism. Modern 
interpretations are based on the identification of reaction isograds 
within field settings. Several examples exist of the successful applica- 
tion of this type of study (Albee, 1965; Mather, 1970; Guidotti, 1970; 
Cooper, 1972). Unfortunately, in order to successfully complete a 
detailed study of isograds, the area must be well mapped and contain 
rocks of similar chemistry cropping out over long distances, Neither 
criterion is met in the central Kootenay Arc. Outcrop is not usually 
more than 10-20%, and well exposed rocks are confined to shorelines, 
creekbeds and roadcuts. The rapid change of lithology along strike and 
across the section causes large variations in the composition of the rock 
system so that continuity of one rock composition is almost impossible to 
establish. 


Another commonly used manner of characterizing metamorphic facies is 
that of mineral assemblages, summarized by fie (1970). Winkler (1967) 
has outlined temperature and pressure regions in which certain assem- 
blages are stable. The problem with this approach is that most of the 


quantitative work on pressure and temperature at which assemblages are 


Stable is limited to rocks of pelitic composition. Reactions producing 
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characteristic assemblages in siliceous dolomites are also well quanti~ 
freq, Very Little work of a4 quantitative nature has been done on rocks 
of intermediate or basaltic composition, or on rocks which would be clas- 
sified as calc-silicates, "dirty" siliceous limestones or calcareous 
pelites. Unfortunately, the last three rock types abound in the central 
Kootenay Arc, and the first two are virtually absent. 

Another method of establishing the effects of metamorphism is to 
study systematic changes in minerals. Systematic changes may often be 
correlated with changes in grade, and may, in comparison with the same 
minerals from similar rock types in other areas, be used to define the 
metamorphic environment in the area chosen for study. 

This last method, and that of assemblages, will be used in this 
study to define the type and extent of metamorphism in the Kootenay Arc, 
and to compare the metamorphism in this area with that of other metamor- 
phic belts in the world in order to deduce the evolution of this part of 
the Kootenay Arc. The mineral groups which show systematic changes will 
be discussed first, in the same order as they were presented in the min- 
eralogy section. These minerals will then be related to one another to 
deduce reactions in progress and to attempt to quantify the conditions 
under which these reactions are taking place. 

A grade index for the central Kootenay Arc must first be defined. 
Earlier work by Crosby (1968), Fyles (1967), Livingstone (unpbl. M. Sc. 
thesis, 1968), Ransom (pers. comm., 1972, 1973) and work by the author 
establishes the fact that the degree of metamorphism increases from east 
to west, at least as far as the west side of Kootenay Lake. From the 
west side of the lake toward the contact aureole of the Nelson batholith, 


Metamorphic grade falls according to Fyles (1967) and Crosby (1968). 
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This decrease in metamorphic grade was based on the interpretation of 
both kyanite and sillimanite isograds lying near the lake shore. Rocks 
containing sillimanite have been found by the writer only in the contact 
gone of the Crawford Bay Stock. Livingstone (unpbl. M. Sc. thesis, 1968) 
reports one section containing sillimanite in a fine-grained muscovite 
aggregate from the north shore of Riondel peninsula. Samples collected 
from this area by this author are sillimanite free, and Ransom (pers. 
comm., 1972, 1973), a mine geologist at Riondel, reports no sillimanite. 
Pyanite is. restricted to a small pod within ten feet of the contact with 
a large syenitic body on Woodbury Point. Retrograded kyanite extends 
about 15 meters from the body, but is not found elsewhere to the north or 
south, despite rocks of favorable composition. These observations sug- 
gest that neither zone exists in regional extent, and interpretations of 
decline in metamorphic grade within the area west of the lake shore to 
the contact aureole of the Nelson may be in error. 

Given the situation outlined, a grade index may be defined by 
measuring the distance from the east side of the map sheet to any given 
sample location to the west, with the reasonable assumption that as one 
goes farther west, grade increases. Rocks lying at the extreme eastern 
edge of the map area are in the chlorite zone or at the biotite isograd. 
One problem in adopting this method of indexing the rocks is that iso- 
grads may be folded, or may not be parallel to the map edge. All struc- 
tural trends in the area are generally north-south, however, and there 


is no field evidence for folded or deformed isograds. The grade index 


is read in kilometers west of the map edge. Maximum grade lies along the 


western shore of the lake or under the lake 4tseif. 
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Muscovite 


Some muscovite paragenetic relations have been discussed in the last 
section. However, it is worth elaborating on the changes in texture with 
increasing metamorphic grade. Low grade muscovites such as those coex- 
isting with chlorite, actinolite or epidote and the minor biotites of the 
lower grade rocks are similar in habit. These muscovites are fine-grained 
subhedral flakes, often bent, giving the rock its foliation. The musco- 


vites often show both foliations in a section, being bent by f Glomer- 


9° 
oporphyroblasts composed mainly of muscovite also occur at lower grades, 
and muscovite can be seen to be an alteration product of rounded, presum- 
ably detrital, grains of feldspar. The grain size of muscovite increases 
with grade, but it reaches its maximum size very quickly (between points 
3 and 4) and does not change significantly in size thereafter. Glomero- 
porphyroblasts consisting largely of muscovite occur at all grades as a 
result of retrograde metamorphism of feldspar and of kyanite on Woodbury 
Point. Muscovite is almost always intimately associated with biotite at 
higher grades, although in some rocks it occurs in layers of practically 
pure muscovite alternating with layers of biotite and feldspar + quartz + 
muscovite + biotite. 

Cipriani et al. (1971) have produced several diagrams indicating the 
relation between substitutions of Mg-Fe, Mg-Na, Fe-Na, Fe-Si and Na-Si 
and temperature and pressure of formation. Their work is empirical, com- 
paring a large group of muscovites from different parageneses, and it 
does not take into account variations in partial pressures of oxygen, 

CO, or water. Nevertheless, systematic trends do appear. 


Muscovites from the Kootenay Arc follow some of the trends esta- 
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blished by Cipriani et al. (1971), but not others. In general, musco- 
vites from the Kootenay Arc do not fall into the fields defined for the 
different metamorphic grades delimited on their plots. Especially Fe-Me, 
Fe-Na and Fe-Si are aberrant, although for Fe-Si and Fe-Mg, the general 
trend with increasing temperature is followed. 

Muscovites from the Kootenay Arc have been plotted on the diagrams 
of Cipriani et al. (1971) to establish their relation with compositional 
fields found in the study of white micas from several other localities. 
Fig. 37 is a plot of Mg vs Na in structural formula units. It can be 
considered as roughly coinciding with P (Mg increasing) and T (Na, (para- 
gonite) increasing). The plot indicates the relative range of P and T 
indicated for Kootenay muscovites, as well as indicating the possibility 
that two sets of muscovite exist. 

Fig. 38 is a plot of silica in structural formula units against the 
extent of silica content found by Cipriani et al. (1971). The spread 
for rocks from the Arc is not great and does not seem to be compatible with 
the grade indicated by Cipriani et al. (1971) on the basis of assemblage 
and other criteria of grade from rocks of the Kootenay Arc. As both Si 
and Na content in muscovite are considered to be indicators of temperature, 
a plot of Si against Na was constructed (Fig. 39). This plot eliminates 
some of the problems of plotting Mg against Na or Si, since Mg-content 
is sensitive to pressure. The trend here is perhaps more indicative of 
temperature change in the Kootenay Arc, especially when compared with 
micas from the Moine Schists, Maine and Vermont. The trend is systema- 
tically towards lower Si and higher Na contents with grade. Kootenay 
muscovites fall between chlorite zone and kyanite zone assemblages with 


the exception of 11CBT-15. A further indication of grade dependence has 


AR | 7 ‘EWS en 


; a z , ie 
sieldo: Jon Se i 18: ih 38 tas oz 7 aes | 
7 mei 


= ein iiish 4 J 


th Te ce | “ythnt? fo, ait die? goa’ oh 6 ; one a? ae 
atest bolle, ios: ae bois bin ti nabaag: 
bey ot ne 28-88, 964 iguodi ie cha nae. 2a 
tenet E08 si odecogesiqnin’ eeneiernal Ad 
id aved oth Kansaede oy ae aed vont 
| | : Jnthdgsne O0 ew te 38, 20 
; 5 i ali tag ould a2 ° bavot | : 
. 
“we gh oh av ot Be rhe a 
; . | dtiw pothkoakee vido? = D8" 
57 : ; “4 iho roe } ib ads - (ante: 
; 5 L Law ap neki anneet, weqoinnt xo be 
tetne aSivopessn to ih 
nh Deru dee eal pobbe 2e ‘tpke 2 Pes aes 
‘ S29 Lankanh) ¢¢ bine smeaape dette 3 
diteean 1c ld Siti, ft sea, J64 Be: in Sidi: 
rr > ‘wtaed adiino FERRE) coe kat agye beapo ti 
bee BORG (oan THRO ee 20 elton moet shee t. one _ 


tat Yo etovnctbal od G3 bareblers 226 et iveowem ee a hat 9 4 
ussentmble soln sawy . CE cert etonisating oe oi suatnge, at 
jnownon-gii sois es = sit taulage gl zatisoly <a 


jo eviesodiat sit x pe aay it: ‘gtadl becusis oat ~srwnnerg 
doh: Gaxaiaeo sonny 5 pitetn aaae aa caugsaus 9 ‘a6 

; . cs = © - 
“enpiaye 2t hess aif sims bes otiel oe oa i mo - 


yamssoes shetty idiw elasdnon sf arr om 3 #33 set straw % 

<= eee a 
dilw “asgel deepest S708 #5 gy bab aras 
ean ae hy a_i, | 


 @edt sonebasyeh Shatg to coiaeatbat ‘tadama A 


! re a 1 7 i 
a £9 7 ’ re ae le 
- ss 


re 6 ee - <- - i 
© || TO Tapia dear ) . 


eur 
A ail 


O 


0.8 


0.7 


0.6 
iS) 
CI 
N05 
@ 
> 
= 04 
03 
0.2 
3 2 
oO 
0 Riese. ec eae 
0) 0.1 0.2 0.3 045 0.5 


Na TO 22 (0) 


Fig. 37. Mg (structural) plotted against Na 
(structural) for muscovites from regional meta~ 
morphic rocks. Fields are those given in Cipriani 
et al. (1971). HH - very high pressure (glaucophane 
schists); H - high pressure; L - low pressure. 
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Fig. 39. Si (structural) against Na (structural) for musco- 
vites from regional metamorphic rocks. Samples plotted for 
comparison are as follows: D (Cl) Dalradian, chlorite zone 
(Mather, 1970); D(Bi) Dalradian biotite zone (Mather, 1970); 
L (Bi) Moine Schists (Lambert, 1959); L (Gnt) Moine Schists, 
garnet zone (Lambert, 1959); Vt (K) Vermont Kyanite zone 
(Albee, 1965); M(S) Maine sillimanite zone (Guidotti, 1969). 
Numbers refer to analyses in Table 5. 
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been given by Butler (1967) for multivariant rocks. Fig. 40 gives a 
plot of Fe total (as FeO) against A1,0, wt. 4 in muscovite. Fields 

of stability are defined by solid lines. The fields defined by Butler 
(1967) must be looked at with some care, since not all his muscovites 
coexist with K-feldspar. 5LBI-3 falls outside the plots because of 
its exceptionally low Fe content. It can be seen immediately that 
this plot is only useful for rocks from Barrovian-type depeub leone. 
because for micas subjected to higher pressures, Mg content will affect 
total iron present in the muscovite. ee K-feldspar must coexist 
with muscovite in order to be certain that fovae values for muscovite 
are dependent only on T and P. The range of stable compositions for 
chlorite and biotite zone should be extended. Butler (1967) mentions 


that the fields delineated are approximate. Examination of Butler's 


plots shows chlorite assemblage micas plotting into the almandine field, 


but not the staurolite field. 


Examination of the calculated structural formulae given in Table 5 
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shows a deficiency in the X-site for all muscovites analyzed. This defi- 


ciency has been reported elsewhere (Cipriani et al., 1971), but it has 
been suggested that the deficiency decreases with grade. Variations in 
octahedral and tetrahedral Al are also said to occur with grade. Sys- 
tematic changes are not well demonstrated by any of the three variables 
from muscovites in the study area, although both AWLV and AIV! increase 
slightly with grade. The lowest X-site occupancies are found in musco- 


vites of the lowest grade, but scatter at higher grades encompasses 


nearly the entire range. The sum of the octahedral site cations does not 


vary with grade, indicating that the substitution scheme 2R3+= R2+ + Si 


works without filling empty octahedral site positions as suggested by 
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Foster (1956). 

Despite the problems mentioned, examination of the figures and 
comparison of Kootenay muscovite compositions with those of other areas 
reveals several trends which are of value in reconstructing the regional 
metamorphic history of the central portion of the Arc. pipers examina- 
tion of Fig. 6 indicates that the muscovites from the Arc fali in a high 
pressure series intermediate between Sanbagawa and Barrovian (or Otago) 
varieties. Pressure estimates for the Sanbagawa (Shirataki) belt are 
from 4-7 kb, and intersection of part of the Franciscan trend with the 
lowest grade mica from the central Kootenay Arc indicates that the upper 
portion of the pressure range for the Sanbagawa rocks would be favored. 
That the entire series is of higher pressure origin is also suggested 
by a comparison of Barrovian and Otago micas with the Kootenay low grade 
micas. The Kootenay muscovites plot closer to the Al-Mg side of the AIM 
triangle, providing an extension of the Franciscan and Sanbagawa trends 
to higher temperature, 

Second, paragonite content (Na) and silica content of muscovites may 
be used as estimates of temperature (Fig. 39) when plotted along with 
muscovites from other localities. The silica-iron plot of Cipriani et al. 
(1971) is not wholly reliable for these micas, probably due in part to the 
effect of pressure on the position of the mica with respect to the Fe 
axis. Figs. 39 and 40 illustrate the range of temperature (grade) and 
compare the Kootenay rocks with rocks from other metamorphic areas. 

These plots also illustrate the variability of temperature-dependent and 
composition-dependent index minerals on the development of mineralogy 
coexisting with muscovite. For example, the Moine schists contain bio- 


tite, but muscovite has Si and Na contents indicative of lower tempera- 
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tures (#661, Lambert, 1959), whereas muscovites of Mather's chlorite zone 
plot in the same range as Kootenay muscovites coexisting with chlorite. 
The trend for muscovites from garnet, kyanite and sillimanite zones indi-~ 
cates that the partitioning of Si and Na with increasing temperature is 
similar in different areas and does not seem to be greatly influenced by 
pressure. It has already been demonstrated that rock composition has 
tittle influence on these two elements. Fig. 39 illustrates the change 
of Na content with grade and illustrates the unusual position of musco- 
vite from a rock very close to the contact with the Crawford Bay Stock. 
Muscovites in this rock show blastesis and are growing across normal foli- 
ation, indicating late postkinematic growth. A small amount of fibrolite 
is present in the section. The Na content of the mica, then, reflects 

a later thermal event and is not part of the regional pattern. 12WP-2A 
from Woodbury Point also falls outside the trend shown by the remainder 
of muscovites from the area. The explanation is somewhat more difficult, 
since no large stock exists in the area. The rock was collected from a 
schist between two syenite dikes of considerable extent and contains 
kyanite-staurolite and garnet. The aluminosilicate may also be a thermal 
phase (it occurs as a porphyroblast), as suggested in the previous sec- 
tion. 

Plots involving Fe and Al are less reliable indicators of grade, 
although trends are generally adhered to. The best example is that of 
Al,0, and FeO plotted by Butler (1967) for Ardnamurchan Fis, 40) 

Using this plot, most Kootenay rocks fall into the Almandine zone, a con- 
clusion in some cases clearly contravened by assemblage and examination 


of the other plots. Fe and Mg can be demonstrated to decrease with 


grade, but the systematics of this decrease are probably controlled by 
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total pressure, mineralogy, and possibly variations in partial pressure 
of volatiles such as CO, , O and HO. 

We can conclude with reasonable certainty that the muscovites indi- 
cate a high pressure, moderately high temperature suite of metamorphic 
rocks. We may also conclude that the highest grade reached was eauiva- 
lent to the staurolite zone, as suggested by the data shown on Figs. 6, 


fmOeand 41. 
Biotite 


No transition between chlorite zone and biotite zone rocks may be 
defined over any large area in the Kootenay region. The two low-grade 
assemblages present are distinctly different and cannot be related 
in detail from chlorite zone to biotite zone. Biotites in lower grade 
pelitic rocks are pleochroic pale yellow to reddish-brown and occur in 
two habits within the same section. The biotite is intimately inter- 
mixed with muscovite, usually forming small grains present in cleavage 
traces, and it also occurs as porphyroblasts which cut across foliation. 
In this form the biotite is often poikiloblastic, enclosing quartz, 
feldspar and muscovite grains. The poikiloblasts are often brown or 
Olive green. Chlorite is present in these rocks but is not necessarily 
intimately associated with biotite. K-feldspar is usually present in 
small amounts detectable only by staining. 

The second lower grade assemblage involves more basic rocks, with 
associated minerals chlorite, calcite or Perey quartz, epidote, acti- 
Peiike and magnetite. Biotite is the same color in these rocks, pleo- 
chroic yellowish brown to rusty reddish-brown. In the basic Pyare bio- 


tite is intimately associated with chlorite and may be found growing in 
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cleavage traces of chlorite. Rutile and sphene may also be present, 
although rutile, where erecent occurs in very small amounts. 

Rocks containing calcite and dolomite, feldspar and muscovite are 
always biotite-free in these low grades, All three assemblages are 
intermixed spatially. Biotite-free two-carbonate rocks may be found far- 
ther east than rocks ae pelitic composition containing biotite, and vice- 
versa. The same observation holds for biotites found in more basic 
assemblages. For this, and the other reasons mentioned, no biotite iso- 
grad can be defined in the map area. 

All major and minor elements in biotites from the regional rocks 
were plotted against the grade index. No systematic relationship could 
be found between grade and Ke, Na,0, MnO, octahedrally and tetrahedrally 
coordinated aluminum or Mg/Al ratio. The SiO») plot shows a slight ten- 
dency for higher silica biotites to be present in higher grade rocks, but 
scatter in the diagrams makes any conclusion tenuous. Aluminum (a1 lV) 
shows almost no change with grade. Fluorine and chlorine show no well 
defined trends, but fluorine is somewhat more enriched in higher grade 
rocks than in lower grade rocks, and a definite fluorine anomaly is indi- 
cated on the west shore of the lake by high fluorine values for 8AT-18, 
8AT-8 and 10BT-13. This pattern is in general agreement with the work 
of Munoz and Eugster (1969) where fluorination of hydroxylated minerals 
is found to be favored by an increase in temperature. The anomalously 
high fluorine values for the samples mentioned may be due to the presence 
of thermal waters in the general area, but no data exist to test this 
hypothesis. The high fluorine content may also be related to high 


"phlogopite" content, as more phlogopitic biotites contain more fluorine 


(see Fig. 18). _ 
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‘Ti, Mg, Fe and the Mg/Fe ratio in biotites do show dependence on 
grade. Ti, Mg, Fe and the Me/Fe ratio for biotites from the region are 
plotted against the grade index in Fig. Se ‘Magnesium can be seen to 
decrease to a low lying between points 8 and 10, with iron showing the 
opposite trend. The Mg/Fe ratio shows a very linear decrease to the 
region of point 8, with an increase beyond showing somewhat more scatter. 
The trends shown here are opposite to those found in some metamorphic 
rocks (Engel and Engel, 1960; Snelling, 1957). Increase in Fe with 
increasing grade has been reported by De Vore (1955), Miyashiro (1953, 
1958) and Ghose (1968). The plot is anomalous from another standpoint, 
which will be mentioned here but which will become clearer as systematic 
variations in other minerals are considered. The inflection point for 
all four plots occurs between points 2-10, whereas field evidence and 
that of the muscovites indicates that the culmination of metamorphism 
should occur between points 12 and 13. If the Me, Fe, Me/Fe and Ti trends 
are solely dependent on metamorphic grade, then the evidence presented 
in the plot suggests falling grade west of Kootenay Lake. However, 
dependence of Mg, Fe, Ti and the Mg/Fe ratio on rock composition was 
shown in the last section. The Mg/Fe ratios for biotite are clustered, 
except for rocks containing actinolite, diopside and carbonate. The 
close dependence of the biotite Mg/Fe ratio on rock composition suggests 
some control of the ratio by rock composition. The Ti0, plot shows con- 


siderable scatter and also some control by rock composition. Examina- 


tion of Fig. 42, a plot of Fe/Fe + Mg ratios for all rocks from the region 


shows the same trend as that shown in Fig. 41. There is a strong 
Suggestion, then, that the Fe, Mg and Mg/Fe ratio is controlled by the 


bulk rock composition, providing the Mg/Fe ratio in the rock is not 
Bie a ee 


no spnnbera4ed pantie ta wadtnobd vex ci eal " 
ore Glsie? acy aor ,oapaakt a0 ees ae wis 
ot aden of nag. no tRaue «a elt oie shoaiie 
orth. gare we wee ew OLE Bae i » 
efi of exeprisb tecukt, Yow We; eran: elses. ON 
oie. “ub shrquyrrtoee er bw ie hae oxsd sahara ft aay cal x, 
Sabie uh hiwot samiht of asheoqae om oT 
tie ot ne seni wn (RET yuri fens. : 708! es 28 
£207) ovistanvih 6 ee Pe, "a herrege: neat, aed, t ; 
. ; / } 
tnfeqti smiteume wovt seogneoie |x 1054 eee « (Baez), Prete 
Ltewotaye ey IITBS = andosd 3 ¥ on doliie, Sed ata ai 
Ni, en) - iT ae si teieoo pre ene restsa 
Satin? Laka hile site  ;Oien scndiale scabies a rh al ws ; 
matdyiangism 3o notsamdadys wey: tiaehe seduedhat seat 
ahaset. 42 bap SI\SH...99 «a asta 12...€4. ba@.4f nsuig, & 
‘betgeagie Soaabive and hed ald sage hmas am a ss 

| asveyoll sad ym da, 16. ae abet patie? ase ae ; 
Sekt tevgae: loans we Ofte, svt “eat ave at ri ake ® iF 
PSIATHGLD ste at Soild ror, aoksn, ait \gyt sie -noktoge vata 
sci? lesen tak abtaqueh saith nb iens gatnkerae: 3 
eganggre noi? here? Joos ‘ao ahabs ot \alh wataotd abil . 
“Heo ewnle Jo£q gout tit aba ieiabaaatl tops ral linn 
~sninnsed moda tengims per "od Kors ome oaks bas | 
jimhger ais nord: ieee bis 202 wobsen Bt +. STs % aoig Bo! 
grote 6 et otedt .f¢ -ok3 of awete 0 ra 


» 


att ‘gh belfntIno2 al ata ating, Sree i “ 


. 
oo" 
i 


18 Pens or 
yr 
et, 38 
oO 
fe) / we 
= ee icue 16 
= i2 i a 20 57 
Me > 4 TZ 
os \ es wd 9 
4 mete , os 
6 P LS D I! 
(9) 2 4 6 8 iOneIZewlS 
GRADE INDEX 


Pig. 4lwa. 
metamorphic rocks. 


Pag. G1 b. 
metamorphic rocks. 


Mg/Fe 


Ta Oo (%) 


9 


6 
2 
3 é é 5. 9,10 
ON ae: : 
0 § O47 os" 


GRADE INDEX 


Fe0% against grade index, biotites from regional 


Mg0% against grade index, biotites from regional 


Fig. 41 c. Mg/Fe ratio plotted against grade index, biotites 


from regional metamorphic rocks. 
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Numbers correspond to analyses in Table 6. 
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defined entirely by the Mg/Fe ratios and contents of ‘the biotite. If 


they are, it is obvious that a statement to the effect that rock compo- 
sition controls biotite composition is circular or based on the assump- 
tion that the pre-biotite rock did not change in composition with increase 
in metamorphism. More will be said about this problem later. Increased 
Ti may indeed be favored by higher temperature, but no firm statement can 
be made for biotites from the central Kootenay Arc. Both temperature and 
compositional effects could be operating. 

The disappearance of magnetite from chlorite-muscovite rocks sug- 
gests that it may be a lec for iron in biotites, as well as a source 
for titanium, since Ti may be high in magnetite. Systematic changes in 
modal amounts of minerals cannot be used as indicators of products and 
reactants because the variations are so great that any trends are masked. 

Assemblages in more basic rocks are more difficult to interpret, 
since the source for K50 becomes a real problem. Often, there is only 
a trace of K-feldspar, but considerable biotite is present. 

Two carbonate, biotite-free rocks are more easily ripererocedt 
because although all the ingredients are present to form biotite, the 
magnesium (and possibly some of the iron) would have to come from dolo- 
mite. Reactions involving dolomite involve liberation of C0). The 
reasoning is circular, but it may be implied that PCO, is too high in 


these rocks to allow the reaction to proceed at temperatures found in 


the low grade rocks. 
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Chlorite 


The similarities of structure in the mica group and between the 
micas and chlorite suggest that some relation between intensive variables 
and composition might be expected for chlorite as well as for muscovite, 
In the earlier mineralogy section, chlorites were plotted on an AFM dia- 
gram (Fig. 22), along with chlorites from other regions. Although the 
correlations are not nearly as good as those of the white micas, some 
relationship does exist between composition and metamorphic conditions. 
The higher pressure, moderate thermal gradient rocks of the Sanbagawa 
(Shirataki) produce chlorites with higher molecular amounts of magnesium 
and generally lower amounts of aluminum than rocks from the lower pres- 
sure moderate thermal gradient rocks of the Dalradian and Otago. further, 
chlorites from zone I of Shirataki are somewhat more magnesian shen those 
of zones II and III, suggesting expulsion of magnesium with rising tem- 
perature, Otago chlorites show this trend also, but Dalradian chlorites 
are variable. That pressure and temperature exert the dominant control 
is suggested by the fact that bulk compositions of rocks taken from the 
literature do not vary greatly. However, great caution must be used in 
interpreting these trends. Perhaps more important is coexisting mineral- 
ogy, especially where biotite is concerned. The position of the Kootenay 
chlorites is within the Sanbagawa trends, suggesting similar pressures, 
if not temperatures, of formation. Such a position is reinforced by the 
trend of muscovites shown in the last section. 

Some compositional variation with grade is indicated. Inspection of 
the data (Table 8) shows the following: 1) Tetrahedral Al shows no change 


with grade, but A1V! and Mg both decrease with increasing grade. 2) Fe 
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increases with increased grade. . 3) Total Al decreases with increasing 
grade, the decrease apparently resulting from decreasing octahedrally 
coordinated aluminum supplanted by Fe. Thus, chlorite becomes more iron- 


rich with increasing metamorphic grade, at least in the lower grades. 
Amphiboles 


Amphiboles do not, in general, show systematic optical variation 
with grade. Amphiboles are identifiable either as actinolites, tremo- 
lites or hornblendes optically, but no significant textural changes 
are undergone except where zoning is encountered. Low grade assemblages 
Peieain either actinolite-chlorite or .actinolite~chlorite-epidote, higher 
gerade assemblages, hornblende-biotite or hornblende-clinozoisite. More 
magnesian assemblages contain diopside and eects Some systematic 
trends may be discerned in amphiboles, however. 

As was illustrated in the last section, amphibole composition with 
respect to octahedral cations is dependent on rock composition. Various 
authors (Leake, 1965a, Ww 1968; Kostyuk and Sobolev, 1969) have suggested 
that amphibole compositions may be related to grade. Leake (1965) sug- 
gested that Ti should increase with grade, but warned acainst use of this 
element unless the rock contained rutile, sphene or ilmenite indicative 
of Ti saturation. Leake (1965) also indicated that an increase in octa- 
hedrally coordinated aluminum would correspond to increasing pressures 
of metamorphism, and that a maximum amount of A1V! was possible for 
any given AllV content. Kostyuk and Sobolev (1969) take a statistical 
approach to the problem, as did Leake (1965a, b, and 1968). Kostyuk and 
Sobolev (1969) compare the compositions of amphiboles from different 


metamorphic facies, claiming on the basis of statistical analyses that 
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amphiboles from different facies may be identified in this manner. 

Several amphibole variables were plotted against grade for rocks 
from the central Kootenay Arc. No systematic variation with grade was 
found for any variable except Mg in actinolites, which was found to 
increase with grade, but only on the basis of four data points. No 
trends at all were discernible within the hornblende series, including 
Ti which shows no significant trend with increasing grade. 

Fig. 43 is an illustration of the variance between Al total (struc- 
tural) and Fe/Fe + Mg (the f value of Kostyuk and Sobolev, 1969). Com- 
parison of this plot with that of Kostyuk and Sobolev (1969, p. 72) shows 
that amphiboles from the same grade in the amphibolite facies (unnumbered 
dots) plot within the fields defined fcr greenschists and winchites, and 
for amphibolite facies rocks of different composition as well as horn- 
blendes from granites. Recalling Fig. 25, discussed in the mineralogy 
section and comparing with Fig. 3 of Kostyuk and Sobolev (1969, p. 74), 
it may be seen that the octahedral and tetrahedral aluminum values encom- 
pass rocks of greenschists, winchites, glaucophane schists, DP enuiicees 
kyanite-bearing rocks and amphibolite facies rocks. 

The absence of systematic changes with grade, and the groupings of 
amphiboles on plots of the type given by Kostyuk and Sobolev (1969) illus- 
trate several points, both about the metamorphism in the Central Kootenay 
Arc and about the use of amphiboles as indicators of metamorphic grade, 
First, the lack of compositional variation could be due to several factors. 
The first is that there is no great temperature gradient across the area 
Studied. That there is a gradient has been illustrated by the muscovites, 
but the indication from the study of the micas is that the regional gra- 


dient was not great. Temperature measurements have been made using the 
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Fig. 43. Al total (structural) plotted against Fe/Fe + Mg for 
amphiboles from regional metamorphic rocks. The Fe/Fe + Mg ratio 

is the f value of Kostyuk and Sobolev (1969). Unnumbered points are 
amphiboles from Kootenay Point. 
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calcite-dolomite geothermometer, and they indicate a difference of about 
130°C between points 2 and 10. These temperature measurements will be 
discussed in more detail ‘ues 

The second reason for lack of definable variation is that variations 
in rock composition mask temperature-induced variations. The scatter in 
compositional trends from regional rocks may be explained by temperature 
effects, but the two cannot be separated. 

The third, and perhaps most interesting reason lies in the crystal- 
chemistry of the calcic amphibole group. Miscibility gaps within the 
group have been proposed by several authors (Klein, 1969; Cooper and 
Lovering, 1970; Cooper, 1972, Winzer, 1973, see Appendix 4). For amphi- 
boles in the Kootenay Arc, the gap lies somewhere in the region of A11V 
0.7-0.8, as illustrated by zoning in amphiboles from the Point, and as 
illustrated by pairs from the region (Fig. 25). Kostyuk and Sobolev 
(1969) did not take into account the effect of a miscibility gap on 
the distribution of amphibole compositions in plots like those of Fig. 
25 and 43. Four variables are involved in determining the position of 
an amphibole on a plot such as in Fig. 43: T, P, composition and the width 
of the solvus for hornblende-actinolite or pargasitic hornblende-alumi- 
nous actinolite. Composition and thermal history will determine the 
position of an amphibole on these plots. This explains the groupings of 
dots on Fig. 43, and the reason that so many paragenetic groups are 
included. A fifth variable that cannot be discounted is whether the 


amphibole has attained equilibrium at the pressures and temperatures to 


which it was subjected. This important factor will be discussed more 


fully later on. 


The two plots do indicate something about the metamorphism in the 
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Kootenay Arc, despite the foregoing restrictions. Fig. 25 is an indica- 
tor of pressure during metamorphism. It indicates that amphiboles formed 
under conditions of fairly high pressure but does not indicate alone, or 
in conjunction with Fig. 43, what the thermal conditions were at the time. 
Another interesting factor can be determined from examination of 
Figs. 23 and 25. Because the rim "actinolites" or actinolitic hornblendes 
are a small portion of the volume of the whole rock and because they seem 
to interact only with the minerals nearest them (Winzer, 1973, Appendix 
4), we may state that they are examples of amphiboles formed in a rock 
of known composition (the composition of the core hornblende and remain- 
ing minerals in the rock). We know, then, the original rock composition 
and the parent amphibole composition. The tielines joining rim and core 
are rotated towards the maximum line of Leake (1965), and the composi- 
tions of the rim actinolites lie in the zone of calcic amphiboles from 
glaucophanitic schists, thus indicating the possibility that the rim 
amphiboles formed under conditions of higher pressure than the core 


hornblendes,. 
Pyroxene 


Pyroxene, like biotite, shows an odd inflection around point 9, 
Fe/FetMg ratios plotted for pyroxenes from the regional rocks (Fig. 44) 
show a trend opposite that of the whole rock trend and opposite that of 
biotite. This trend suggests that the pyroxene becomes increasingly mag- 


nesian with increasing grade, and where it coexists with biotite competes 


with that mineral for the available magnesium in the rock. This trend is 


the same as that for actinolite, suggesting that Fe must be expelled, 


Presumably to go into biotite where present. A1l/Mg + Fe ratios show the 
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Fig. 44. Fe/Fe + Mg pyroxene plotted against 
Grade Index for pyroxenes from regional metamorphic 
rocks. Ratio decreases to point 9, then increases 


sharply. 
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same trend as Fe/Fe + Mg, but with even more scatter. Relations involv- 
ing Al are probably similar to those in amphiboles, being related to 
feldspar where present. 

Pyroxene compositions show the general effect of pressure, as well 
as being strongly dependent on rock composition with respect to Mg and 
Fe. The presence of octahedrally coordinated aluminum Sede canee of 
formation under high pressure (Yoder, 1950a,b; Coleman and Clark, 1968; 
Dobretsev, 1968; Makanjuola and Howie, 1972). The diopsides and salites 
studied are higher in A1,0. than those of the Biwabik (Bonnichsen, 1968) 
or of the Glen Urquhart area (Francis, 1958, 1964) although they are 
nearer to the Glen Urquhart area in composition. They are similar to 
pyroxenes from the Grenville province of Ontario (Shaw et al., 1963a, b). 
Systematic analyses of metamorphic clinopyroxenes are notably absent 
from the literature, hence they do not as yet serve as indicators of 
grade, Temperature and pressure does affect the composition of pyro- 
xene (Dobretsev, 1968). Thus it is worth looking at metamorphic pyro- 


xenes as possible indicators of metamorphic grade. 
Epidote 


Systematic chemical analyses for epidote group minerals were not 
undertaken, due to scarcity of proper rocks. Rocks donated by Cominco 
later in the course of this work contained iron epidote and actinolite, 
but clinozoisite is the common mineral in the rocks studied. Lower 
grade rocks lying along the eastern margin of the map area contain epi- 
dotes, which, by their birefringence, color and pleochroism are iron 


epidotes. Assemblages, with grade index, are as follows: 
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Grade Index Assemblage 
ay | Ep + act + cc + spheneé + apatite 
fig a Chi + ep + qtz + carb + bi + mt 
oe Muse + plag + ep + An 15 + qtz + mt + hem 
ae Act + ep + bi + mic + plag + Ab-olig + qtz + 
mt + hem 
3.4 Hb fhtact “fF ep ri tec etiplac (Ans 7) + iqtz + 
sphene 
4.3 Hb ++ act + ep + micr-+eplag Can. 5) bea ba: 


carb + bi + sphene 

Rocks from the Point and the higher grade areas of the region bear 
colorless, non-pleochroic epidotes with low pistacite contents, closely 
resembling clinozoisites chemically. These epidote group minerals coex- 
ist with hornblende, diopside and actinolite and are found in scapolite- 
bearing rocks. They are more complex than.the lower-grade epidotes in 
that they often appear zoned, and show compositional variance within the 
same slide. The zoned epidotes have epidote cores and clinozoisite rims, 
with sharp demarcation between the two. Im the higher grade rocks, 
epidote group minerals are present in small amounts (generally), but may 
reach 10%. Examination of the assemblage data given above and the ana- 
lyses for "epidotes" from the Point and higher-grade regional rocks indi- 
cates systematic changes with grade. Two chemical groupings exist to 
complicate the matter, calc-pelites and metabasic rocks, both bearing 
epidote, The metabasic rocks show the most distinct trend, with the 
lowest grade assemblage consisting of ep-act without horn- 
blende, or ep-act-albite-oligoclase and biotite, while the higher grade 
rocks contain hornblende and plagioclase of higher An content. Also of 
interest is the absence of magnetite and hematite as grade increases. 
Rocks from the Point contain graphite and are devoid of magnetite or 


hematite, all iron minerals being present as sulfides. The graphite 
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and low pistacite content of epidotes from the Point indicates low 
fa, the magnetite and hematite in the iron-epidote rocks indi- 
cates higher fo, (Strens, 1964; toeay! 1965, 1966, 1972; Boettcher, 
1970; Cooper, 1972). Thus, we may establish that conditions become 
more reducing from lower grade rocks to higher grade rocks within the 
region. Further discussion of volatile partial pressures will be made 


somewhat further on, 
Plagioclase 


The complexities of the plagioclase series render simple interpre- 
tations of metamorphic changes with grade of dubious validity. However, 
work by Evans (1964), Crawford (1966, 1972) and Cooper (1972), among 
others, have turned up consistent distributions of feldspar compositions 
with grade. The existence of the peristerite gap and its closure with 
increasing metamorphic grade in contact and regional metamorphic rocks 
have been demonstrated by the aforementioned authors. 

Fig. 45 is a plot of the composition of all plagioclases analyzed 
by electron microprobe from rocks in the Kootenay Arc against the grade 
index. It must be emphasized that these are not coexisting plagioclases, 
but come from different rock samples. Samples 1-11 all come from the 
Point, from similar rock types. As was discussed earlier, rock composi- 
tion does not seem to exert a primary control on plagioclase composition. 
Thus, it is likely that either temperature and pressure and/or coexisting 
mineralogy exert the Reiman controls. 

Plotted on Fig. 45 are the positions of the Peristerite, Béggild 
and Htittenlocher gaps after the data of Smith (1972). It is immediately 


obvious that plagioclases of all grades plot along the margins of the 
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PLAGIOCLASE COMPOSITION 


Fig. 45. Plot of plagioclase composition (An content) 
against grade index for all plagioclases from regional 
metamorphic rocks and rocks from the Point. Numbers 
correspond to analyses in Tables 14 and 15. Position 
of the Peristerite, Béggild and Huttenlocher gaps 


after Smith (1972). 
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peristerite gap and that at higher grades (notably from the Point), 
feldspars plot within the region of the Béggild gap. Because the beam 
is moved around the feldspar grain during analysis, an unmixed plagio- 
clase may go undetected and plot within one of the gaps. The bulk of 
the plagioclases analyzed fall between the solvi, although five fall 
within the Béggild solvus, indicating that they were either formed at 
temperatures above it or represent a disequilibrium state, The data are 
not consistent, at higher grades, with those of the zone between the 
almandine and staurolite isograds (Crawford, 1966; Smith, 1972). 

Reconnaissance optical studies reveal many rocks at all grades 
which contain more than one plagioclase, but firm conclusions may not 
be reached without further study of plagioclase compositions by electron 
microprobe. This work is suggested to further quantify temperatures of 
formation of Kootenay metamorphism, 

The lack of truly consistent results is due to lack of complete 
systematic data on feldspars from the Kootenay Arc, Further compli- 
cating factors are retrograde reactions involving feldspar such as those 
forming zoned amphiboles. The feldspar problem is also tied to the 
epidote problem, since reactions involving epidote and actinolite or 
chlorite forming hornblende produce anorthite. Before discussing this 
problem in more detail, it is perhaps valuable to discuss the carbonates, 
for they provide temperature data and data pertaining to the fugacity 


of CO. in rocks from the Arc, important factors in the production of 


2 


oligoclase and feldspar of higher An content during metamorphic reac- 


tions. 
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Carbonates 


Peete. when coexisting with dolomite in the presence of suffi- 
ciently high Pco, to stabilize both carbonates, may be used as a ther- 
mometer (Goldsmith and pease 1960; Goldsmith and fearde 1961; Rosenberg, 
1967, 1968; Goldsmith and Newton, 1969). Certain stipulations must be 
met, and some extrapolations made (Hormann and Morteani, 1972). First, 
MnC0 3 must be present in negligible amounts. For the use of Goldsmith 
and Newton's (1969) curve, FeC0, should be absent or present in small 
amounts. The effects of MnCO3 on subsolidus relations in the carbonates 
have not been worked out. FeC03 serves to decrease temperatures (i.e., 
more FeC0, is present in solution at lower temperatures than MgCO.) when 


present with MgCoO In order to use the unique polybaric curve of Gold- 


3° 


smith and Newton (1969), P must be demonstrably high enough to have 


CO 
stabilized both carbonates. 
Several coexisting carbonates from the Kootenay region were ana- 
lyzed by electron microprobe. Coexisting calcite and dolomite were ana- 
lyzed from the Point, but only calcite from regional rocks was analyzed, 
although later staining of sections demonstrated the presence of dolo- 
mite. As was mentioned in the mineralogy section, the carbonates appear 
to be in textural equilibrium. In five sections, two carbonates were 
found to coexist with either quartz or tremolite. It is difficult to 
determine the stability of tremolite, as all sections containing tremo- 
lite show signs of textural disequilibrium. Quartz appears stable in 
the presence of both carbonates in lower and higher grade rocks. The 
Presence of either silicate with calcite and dolomite is indicative 


of high P probably Pog, = 0.9-1.0 Sete on ge nestle 1971), thus 
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satisfying one of the requirements for use of the curves. MnC0O3 is neg- 
ligible in all carbonates analyzed for that ete and there is no rea- 
son to suspect that carbonates from the Point should contain greater 
amounts. In comparison with MgCO3, FeCO3 is present in small amounts, 
with the exception of 5LBT-17. Thus, most criteria are filled allowing 
the use of the magnesian calcite-dolomite geothermometer. The five sec— 
tions selected are: 5LBT-3, 5LBT-17, 55-20W, 215-70W and Tl-6c. SLBT-3 
and 5LBT-17 are from low grade chlorite-muscovite-biotite schists; the 
remaining three carbonates come from the Point. 

Two temperatures were obtained for 5LBT-3, with a spread of 35°C. 
This spread is probably due to variations in chemistry due to inhomoge- 
neities smaller than a thin section, or they could be due to disequili- 
brium. To arrive at a temperature for 5LBI-1/7, the same extrapolation as 
that of Hormann and Mortiani (1972) was used. The interpretations of the 
remaining three are straightforward, as neither contains much iron. The 


temperatures derived are: 


Low-grade Kootenay Point 
5LBT-3A 428°C 55-20W 533°G 
SEBT-3B 393°C T1-6c 488°C 
5LBT-17 423°C 215-70W 500°C 


The unique polybaric curve of Goldsmith and Newton (1969) is shown in 
Fig. 46. One further caution must be exercised. As all carbonate ana- 
lyses are low from the structural standpoint, it is possible that errors 
are present in the MgCO, and FeC03 components. These errors should be 
small, since the large comparison errors will be in Ca. Temperatures 


should be taken as +30°C, about twice the error given by Goldsmith and 


Newton (1969), 
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Mg Calcite 


Mg Calcite + Dolomite 


500 
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Bete ee ad 
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Fig. 46. Unique polybaric curve for magnesian calcite 
coexisting with dolomite, after Goldsmith and Newton 
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Garnet 


Partitioning of nena and iron between garnet and biotite has 
been discussed by Livingstone (1968). Livingstone's distribution coef- 
ficients can only be used to indicate relative change with grade, since 
the methods used to obtain Mg/Mg + Fe ratios for garnet and biotite pro- 
duce large uncertainties. Correlation between garnet composition and 
metamorphic zones delimited by Crosby (1968) for the central Kootenay 
Arc were discussed by Dodds (1965). Dodds found that correlation was 
poor, but he did not have enough evidence to revise existing isograds. 

No extensive work was undertaken on garnets from the central por- 
tion of the Kootenay Arc, since the study of Dodds (1965) established 
with certainty the compositional ranges of garnets from three of the 
rock types present. Electron microprobe traces were undertaken to 
establish zoning trends and have been discussed earlier. The metamor- 
phic implications of the zoning trends are now discussed. 

The sharp rise in MnO at the margins of garnets can be interpreted 
in three ways. Edmunds and Atherton (1971) believe that increase in MnO 
is caused by falling growth rate as supersaturation is relieved. Falling 
growth rate changes the effective distribution coefficient. Kurat and 
Scharbert (1972), in a study of zoned garnets from Moldanubicum granu- 
lites, arrived at the conclusion that the increase in MnO was due to 
garnet growth during a period of falling temperature. Grant and Weiblen 
(1971) arrive at a model involving resorbtion of initially homogenized 
garnet coupled with decreasing outer shell radius and decreasing temper- 
ature to explain increase of MnO at the margin. The latter two studies 


were made on garnets from granulite facies rocks or second sillimanite 
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zone rocks. 

The paragenesis of the Kootenay garmets allows discrimination be- 
tween the hypothesis of Fdmunds and Atherton (1971) and the hypotheses 
of Kurat and Scharbert (1972) and Grant and Weiblen (1971). Rocks from 
the central Kootenay Arc containing garnet show evidence of retrogression. 
Garnets from amphibolites coexist with hornblendes which are zoned (see 
also Dodds, 1965). Actinolite rims are formed on hornblendes from rocks 
containing zoned garnet, wherein the rim is enriched in MnO (6CCT-8). 
Selvages of plagioclase, biotite, quartz and occasionally actinolite are 
reported by Dodds (1965) to surround garnets in some amphibolites. 
These selvages are clearly retrograde, as no orthopyroxene is formed in 
the rocks (Dodds, 1965). Garnets from schists also show an enrichment 
in MnO at the rim. Retrograde effects may be established in schists as 
well, 12WP-2 contains corroded kyanite porphyroblasts surrounded by 
muscovite and containing small euhedral staurolite crystals. Larger cor- 
roded staurolite crystals occur in adjacent sections. It is probable, 
then, that garnets grew under conditions of decreasing temperature during 
formation of the rim, but the data available do not indicate whether or 
not they formed according to the model of Grant and Weiblen (1971). 
Garnets with selvage rims suggest resorbtion of garnet, but no zoned 
garnets with selvage rims were studied by this author. 


Kun for garnet cores and rock were calculated for zoned garnets, 


as were Mg/Fe for biotite-garnet pairs. The results are inconclusive. 


Kin for all but 12WP-2 are about 8; 12WP-2 calculates to 52.5. 
K )M8/Fepi-snt gives values of .23-.34 for 7RT-17, 11CBT-16 and .17 for 
12WP-2. Both distribution coefficients fit a staurolite zone interpreta- 


tion for 12WP-2, but the others are found in granulite facies rocks or 
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plutonic rocks. These values cannot be easily compared, however, 
because higher CaO garnets do not show the same trends as lower Ca0 


garnets with increasing metamorphic grade (Lyons and Morse, 1970). 
Phase Relations and Metamorphic Reactions 


The preceding discussion brings to light a number of important fac- 
tors relating to a definition of the conditions of metamorphism in the 
central Kootenay Arc. Briefly noted, they are: 

1) Im the study area, no sharply defined transition exists between 
chlorite and biotite zone for any rock type. 

2) In chlorite, Mg and A1Y! decrease and Fe increases with grade, 

3) The change in metamorphic grade indicated by changes in musco- 
vite composition is small. | 

4) The change between biotite zone rocks and rocks containing 
garnet or hornblende occurs in the eastern quarter of the map area. 

2) Compositional changes in minerals such as garnet, hornblende, 
biotite and pyroxene are not systematic in rocks above the garnet or 
hornblende “isograds". 

6) Iron epidote is found in lower grade rocks, aluminous epidote 
or clinozoisite at higher grades. 

7) The peristerite gap is not completely filled anywhere in the 
area, but the Béggild gap appears closed at the eastern shore of the 
lake, 

8) Temperatures obtained indicate a difference of 100-150°C 


9) Garnet compositions are consistent for biotite and garnet zones, 


but not for higher grades of metamorphism. 
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10) A regional retrogressive event is suggested by garnet and 
amphibole zonation and by retrogression of kyanite on Woodbury Point. 

Fig. 47 and 48 illustrate phase relations in calcareous and non- 
calcareous pelites from the region. The diagrams do not illustrate the 
exact relationship between rock composition and mineralogy, because the 
ACF and AKF faces of the ACKF tetrahedron are projected onto the flat 
plane of the paper. Rock compositions are calculated for either ACF oe 
AKF and are plotted in whichever triangle they fall. The projection is 
used to illustrate coexistence of K-feldspar, calcite-dolomite and plagi- 
oclase with the other phases present. Two rocks plot outside the defined 
fields (1OBT-4, 6CCT-1), probably due to the projection, but possibly 
because of error in the rock analysis. 

The phase relations in calcareous pelites from the central Kootenay 
Arc illustrate changes in coexisting phases with increasing grade. At 
lower grades, chlorite-phengitic muscovite-calcite-K-feldspar and plagio- 
clase coexist with or without biotite. The presence of both assemblages 
Suggests that: 1) the area containing muscovite-chlorite and muscovite- 
biotite-chlorite assemblages is at or below the conditions of the biotite 
isograd; 2) the reaction forming biotite involves chlorite and phengite 
combining to form biotite, less phengitic muscovite, and more iron-rich 
chlorite by the following reaction: 


1) 2Phengite + high Mg/Fe chlorite + 5 quartz=*biotite + lower 
Mg/Fe chlorite + less phengitic muscovite + XH)0 


Such a reaction would be consistent with trends of chlorite and musco- 
vite compositions across the region prior to the appearance of garnet. 
The reaction cannot be quantified further due to lack of data. 


The entrance of garnet in the Kootenay rocks marks the exit of sta- 
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ble prograde chlorite from the assemblages given in Fig. 47. In cal- 

careous pelites, the incoming of garnet correlates with absence of car- 

bonate, thus breaking both the chlorite~biotite and the calcite-chlorite 

tielines. One exception occurs (29-14), but the garnet in this rock is 

clearly unstable and is breaking down to biotite, chlorite, quartz and 

feldspar. This rock lies within the biotite-chlorite-muscovite field, 
The assemblages are: 


1) Chlorite-muscovite-calcite-quartz-K--feldspar-plagioclase- 
magnetite (ilmenite) + biotite 


2) Biotite-quartz—-K-feldspar-muscovite-—garnet-plagioclase- 
magnetite (ilmenite) 


The garnets in assemblage 2 are intimately associated with ilmenite, mag- 
netite, quartz, biotite and a very small amount of muscovite. A few 
grains of yellowish chlorite are found associated with biotite where gar- 
net is not present, and considerably more muscovite is found mixed with 
biotite in areas where garnet is absent. These relations suggest that 
chlorite and muscovite are reactants and biotite a product of the gar- 
net-forming reaction. A few grains of plagioclase are also associated 
with garnet. Textural relations must be used with some care, because 
retrogression has occurred in many rocks containing garnet. 

Using compositions of minerals from garnet-free rocks of lower 
grade and garnet-bearing rocks of higher grade, a reaction of the fol- 


lowing form can be written: 


2) Phengitic muscovite + 1.33 chlorite + calcite + 2.65 quartz + 
2 ilmenite or magnetite-~Biotite + garnet + .161 calcic 
plagioclase + CO, and XH50 


This reaction was balanced for major elements using analyses of 
muscovite from 5LBT-15, chlorite from 5LBT-17 (both close to the transi- 


tion to garnet-bearing rocks), garnet from 11CBT-16, biotite from 
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11CBT-i6, and calcite from 5LBT-17. The reactions were written using 
anhydrous formulae. XH50 is used among the reactants since the amount 

of water produced is uncertain. The difficulty with the reaction is the 
necessity for Fe, Ti, and Mn. No analyses have been made of oxide 
phases, but analyses from Deer, ét al. (1966) for ilmenite may be used 

to balance the equation. Magnetite will supply enough Fe and Ti, but 
leaves a shortage of Mn. Jones (1972) proposed a reaction involving fer- 
roan dolomite as a source of Mn. Carbonates from this region do not con- 
tain enough Mn to form garnet with the amount of Mn present. Ilmenite 

is present in low grade rocks and occasionally in higher grade rocks, 

but the highest proportion of iron bearing minerals are sulfides. Fur- 
ther work on all opaque phases is necessary to further quantify reactions 
of this type. 

The reaction proposed is a simple form of what is probably a more 
complex case. First, muscovite is present in rocks from both sides of 
the reaction isograd, as is plagioclase. Muscovite becomes less phen- 
gitic above the isograd, while plagioclase increases in anorthite con~ 
tent. The second observation is consistent with the reaction. The first 
may also be consistent as long as muscovite is not present in signifi- 
cant amounts adjacent to growing garnet. Reactions 1 and 2 may well be 
coupled, one occurring in one small volume of rock, the other in an adja- 
cent volume, This suggestion would be in line with optical observations, 
but further work across the isograd would be needed to confirm it. Fur- 


ther quantification of this reaction will be difficult in the central 


Kootenay Arc because of lack of control on outcrop. 


The reaction produces a very iron-rich biotite, consistent with 


increasing iron content of biotites in the region with increasing meta~- 
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morphic grade. This reaction alone cannot explain the trend, however, 
as it is by far more common to have biotite without garnet, even at 
higher grades. The increase in iron content of biotites at higher 
grades may be tied to consumption of iron oxides, as they are decidedly 
less prevalent at higher grades. 

Reaction 1 takes place at around 400°C as indicated by the calcite- 
dolomite geothermometer. Reaction 2 occurs between 400 and 500°C, but a 
more precise calibration is not possible. Tuer targa nearer 430°C are 
more likely on field evidence (11CBT-16 and other rocks containing simi- 
lar assemblages lie within 2 or 3 km of 5LBT-17. The temperature 
derived for 5LBT-17 was 423°C.) 

These temperatures compare favorably with those of Mueller and 
Schneider (1971) for garnets formed in the Stavanger area of Norway. 

In their rocks, temperatures range from 400°-590°C between zones I and 
III. The paragenesis of garnet from zone II more closely approximates 
the paragenesis of garnet from the central Kootenay Arc. Temperatures 
suggested by Mueller and Schneider (1971) for zone II garnets lie 
between 4759-525°C at P=3-5 kb. However, they do not mention reactions 
involving carbonate. Reaction temperatures proposed by Jones (LOI?) for 
production of eee from the Horsethief Creek Group in the Esplanade > 
range of British Columbia are 365°C at P=3.9 kb. The reaction proposed 
for the production of garnet in the central Kootenay takes place at 
higher total pressure than either of the above reactions, but tempera- 
tures appear to be somewhat lower than for the Stavanger areas. 

The last assemblage indicated for pelitic oer calc—pelitic rocks 


is illustrated in Fig. 48. This assemblage is difficult to evaluate, 


because it is uncertain whether staurolite is actually stable, The 
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presence of euhedral staurolite crystals associated with retrograded 
kyanite suggests that staurolite is stable. The assemblage is: 

Biotite + muscovite + quartz + garnet + staurolite + plagioclase. 
The reaction pecducin’ this assemblage cannot be pieced together from 
existing data, since only one sample containing staurolite has been found 
in the study area. Two reactions producing staurolite are considered 
(den Tex, 1971): 

a) 8 chloritoid + 7.5 Al,Si0, = 15 staurolite + .5 quartz + E,0 


2 


b) chlorite + muscovite =staurolite + biotite + quartz + H,0 


2 

Both occur between 515-600°C, between 2 and 20 kb P = Ptotal. The 
first reaction is unlikely, since no chloritoid has been found in the 
entire region. However, the textural relationships do suggest the 
involvement of kyanite. The second reaction is nose tes but no stable 
chlorite is seen to exist in other staurolite~free assemblages from this 
area. The main problem is the supply of iron biotite coexisting with the 
staurolite. Reaction temperatures for the production of staurolite are 
consistent with those found across the lake on Kootenay Point. 

In the more basic rocks from the region, definition of even approxi- 
mate reactions producing biotite are a problem. Most lower grade rocks 
contain epidote, actinolite, chlorite, carbonate and feldspar, often both 
plagioclase and K-feldspar. 4LBT-2 contains a trace of muscovite. Bio- 
tite occurs in small amounts in the lower grade rocks, becoming a major 
constituent only after the formation of hornblende. Biotite appears with 
K-feldspar in basic metaigneous (?) rocks. Biotite may form by reactions 
involving carbonate, chlorite and muscovite in basic metasediments. 


The most important reactions involving basic rocks are those pro- 


ducing hornblende or diopside. As was mentioned in the discussion 


ete oY | Myy 


Pie tard ei Late ha ratons abeaeeta, 
_ vgn enamel eat... abmaye siento 3 


sratooigeig, + eo Sfoxviieta-+ Janse F sTthep +e a 


eyed 360 rales sige er wht? | 


bil mad gall athlon yh 2h igedled non. olan ain. bee hate i 
{) eg’) LOPUBES. 7 ; rePtusbo tg, ‘anoles ot. ah 


ae we ‘ 
i Sa > -* 
i a8 ' : CrP ans Fg Sra Che pes ON Si 
c i 
S 
6.04 > * satsoid + Sobieteaes Sy es 


ep = 9 bl Oo bas © nogeted 1, Sadat ie osowtod, 0 


‘ ' = = D4 > y 4 ie, 
inedits of sunte Cloak Loar nae at oD 


us BE SA PR Ee ote d 
S S290 ; 1" ag seater Hata at etovewolt © 
| CG : 7 i‘ fai 2 not en a hanteese ‘att name 
j ox yp HOry fro ee ont ia yr tthe at jekas 09 
“a j Pry r ania Sal i eh bine %: vl 9 inte ard ak oa 


ts ppithorans ye 2 to te sabore sia, Sd seid egg ‘wala 
Sake? ene ane “at ele wate penne ‘peat oust 

= Ree QS gg 40 ia atte ad ed’ = etady sited ‘98 
edbu't abou Senin t 3204 obit, A ‘oes ertvord pone 
bios ‘assho a yobiat beat ii piesiali «tttolife savin sd 


i vonininomum to pene ‘2 autho ch tears atte 


i. 


i 
s 
al 


7 oe a 7 


Lo5 bree 


Sad 2 


voten 4 ’ sateen eto siitels sheik ail int eval La i 


Wiste. asenaae astvone -sbnat died Yo dotdamsst sit? ‘ait ¢ 
anotsneay ed mio act satiate -astooe tEY 
-iasaibsaase akasd at as dvos aie ‘bas. snc 

+a © geniia .otn wiser steed anbvtovak snl or 3a 
“olaavaeih sis aia Baookinaite noe a ert 


——, 


176 


involving epidotes, lower grade assemblages contain epidote—actinolitet 
biotitetcalcitetalbite-cligoclase-microclinetquartz, and higher grade 
assemblages carry nowubilende-sct ino lité-epidote-el iupz oieite-Aa ee 
plagioclase-calcite-quartztbiotitetsphene. The assemblage change, coex- 
istence of actinolite and hornblende + epidote, and the sharp rise in An 
content of plagioclase strongly suggests a reaction involving epidote + 
actinolite or epidote + chlorite + calcite to form hornblende + plagio- 
clase of higher An content. Two reactions can be postulated: 
3) 2Fe epidote | + .6Al-actinolite + 1.2 low An plagioclase + 
.71 ilmenite = Al epidote + hornblende + higher An plagioclase 


em. 7 Ssphene $ey2 Abril, Siquartz 


4)" Fe epidote '+°.75 chlorite + .6 low An plagioclase'+ 2 \calcite = 
Al epidote + hornblende + 2.5 quartz + 200, + XH5O 


Both reactions are complex and are difficult to balance for certain 
elements. Reaction 3 requires consumption of epidote in a ratio of 2: 1 
to provide enough aluminum for the formation of hornblende, aluminous epi- 
dote and plagioclase with higher An content. Iron is also required, 
again for the formation of hornblende. Because of the large amount of 
epidote consumed, Ca is left over, to be combined with excess Si and Ti 
in ilmenite to form sphene. These exchanges are all consistent with 
observed mineral assemblages, except for the small amounts of ilmenite- 
Magnetite found in all rocks. The major problem involves Na given off 
by the consumption of low An plagioclase. Na must either leave the sys- 
tem, or form albite. K also poses a problem, which is even greater, as 


it is needed in the hornblende, and no K containing phases occur among 


the reactants. The formation of Ab and a plagioclase with more anorthite 


content is not inconsistent with feldspars on either side of the three 


solvi in the a ee This still leaves the problem of K. The other pos- 
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sibility is that the reaction is allochemical and involves a K rich 
aqueous solution which exchanges K for ee forming hornblende and taking 
off the excess Na. Reaction 4 may be balanced as is, with suitable epi- 
dote composition and with suitable plagioclase composition (albite with 
a significant amount of potassium). In the presence of potassium and 
aluminum in sufficient quantities, biotite would form as well. However, 
no significant amounts of K-feldspar or muscovite are present in the 
lower grade rocks. This problem will be discussed further presently. 

These two reactions are supported by the decline in epidote across 
the “isograd" and the replacement of actinolite by hornblende in rocks 
of suitable composition, In calcareous rocks containing chlorite instead 
of actinolite, the epidote-chlorite tieline would be broken by completion 
of the reaction. In actinolite-epidote rocks the only change is in the 
position of the hornblende-epidote actinolite-epidote tieline. However, 
if calcite is not present in excess, this mineral will disappear during 
the course of the reaction breaking the hornblende-calcite and calcite- 
epidote tielines. Sphene appears as a new phase. 

The form of these reactions is different from those proposed by 
Cooper (1972) for metamorphism of basic rocks of the Haast Schist group 
of Southern New Zealand, wherein calcite is not involved and epidote 
disappears from the rock during the reactions. That epidote remains 
can be seen by examining Tables 3 and 4. Examination of Table 13 shows 
that epidote analyses were not carried out on rocks below the hornblende 
"isograd". Therefore, compositional comparisons are based on optical dif- 
ferences between epidotes from actinolite-epidote and chlorite-epidote 
assemblages and those of the higher grade rocks. 


These reactions are important because they clearly define a reaction 
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isograd in the area which spatially closely coincides with the garnet 
isograd defined for more pelitic rocks. Both pelitic and basic rocks 
above (further west than) the hornblende "isograd" may contain garnet. 
Garnet production in basic rocks is another problem that cannot be 
clearly resolved within the study area on the basis of the data available. 
The presence of Al-epidote in hornblende-biotite rocks at higher grades, 
and the lack of it in garnetiferous amphibolites suggests a reaction 
involving Al-epidote to produce garnet with the grossular contents indi- 
cated in the Kootenay region. Such reactions are possible when epidote 
and clinozoisite are found in the presence of plagioclase, but they are 
dependent on the fugacity of oxygen in the rock (Holdaway, 1972). The 
reactions producing hornblende in basic rocks from the Haast Schist 

Group (Cooper, 1972) also take place at the almandine isograd, indicating 
that the two isograds may be coincident in other metamorphic belts, as 
well as indicating similarities between the two areas, 

In rocks with higher magnesium content, the garnet and hornblende 
isograds coincide with the formation of diopside in rocks containing 
actinolite, dolomite and calcite. Any rock above or along the zone indi- 
cated by the garnet and hornblende isograds may contain diopside + tremo- 
lite-actinolite + calcite + dolomite + magnesite + quartz + K-feldspar 
+ plagioclase + Al-epidote + biotite + scapolite (Tables 3, 4, Appendix 
3). Tremolite is not common from rocks in the central Kootenay Arc. 
Actinolite is by far the more prevalent mineral. Rocks from the Point 
contain tremolite and the reaction: 

5) Tremolite + 3calcite + 2quartz * 5diopside + 3CO) + H50 


can be seen in progress. This reaction occurs at temperatures from 


400-540°C (Skippen, 1971, Fig. 9) at varying PCOo" Using the indepen- 
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dent temperature measurements for calcite-dolomite formation on the DOr: 
mole fraction CO, can .be variously estimated at between 0.3 and 0.8 for 
the reaction. The pure reaction given above is not common anywhere in 
the Arc, however. Biotite is almost always present, and microcline is 

a common constituent in calc-siliceous rocks, along with plagioclase. 
Furthermore, reaction relationships seen in thin section indicate that 
tremolite or actinolite and diopside are being formed at the same time 

in some rocks. Staining of carbonate by alizarin red solution reveals 

a halo of calcite surrounding the tremolite, indicating that the growing 
tremolite depletes the dolomite of magnesium. In low grade rocks, quartz 
crystals are enclosed in dolomite, indicating that the reaction: 


Os tremolite + 3calcite + 7CO, takes 


6) 5Dolomite + 8quartz + H 5 


2 
place with rising temperature. Concurrent with this reaction, consump- 
tion of tremolite and the production of diopside occurs as indicated by 


reaction 5. Reaction 5 occurs between 520-540°C at higher mole frac- 


tions of CO,, but the temperature of formation has been demonstrated to 


9? 
be independent of CO, above Xoo, - .2 (Winkler, 1967). Reaction 6 has 
not been evaluated experimentally, but probably takes place at somewhat 
lower temperatures. 

Textural evidence supports the occurrence of both reactions and 
may help to explain rocks in which tremolite occurs in two habits. 
Larger subhedral and sometimes euhedral tremolites and actinolites are 


formed by reaction 6 at lower temperatures, but the fields of stability 


of both tremolite and diopside overlap in the area, partly due to vary- 


ing PCO and partly due to the fact that the system is complicated by 


the presence of aluminum and iron. Smaller, fibrous tremolites and cor- 


roded tremolite porphyroblasts develop in rocks where reaction 5 has 
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begun. A number of rocks containing both dolomite and calcite show 
both reactions taking place simultaneously, 

Assemblages containing diopside + tremolite-actinolite + calcite, 
dolomite or calcite + dolomite alone are not common in any set of rocks 
from the Kootenay Arc. Rocks containing pure tremolite and diopside are 
nonexistent. Most assemblages contain high magnesium biotite (not phlog- 
opite), microcline and plagioclase with varying amounts of quartz in 
addition to diopside and actinolite. These Econ hiccer indicate that K, 
Al and Fe were also present in the system, 

An immediate problem arises when lower and higher grade rocks are 
compared. Rocks lying below the hornblende and garnet isograds contain 
significantly less K-feldspar + biotite (i2%) than rocks lying above the 
isograds (18.3%). Thus, no lower grade rock is available which can iso- 
chemically produce the amounts of microcline and biotite present in the 
higher grade rocks. The potassium problem also occurs in basic rocks 
(reaction 3). The possibility of forming biotite by potassium metaso- 
matism in the central Kootenay Arc was raised by Dodds (1965) and Living- 
stone (1968), but no quantitative data were provided. The data pre~ 
sented in this study provide some supporting observations for metasoma- 
tic introduction of various cations. First, biotite does not always 
Parallel foliation in regional or Point rocks. It may grow across foli- 
ation or be randomly oriented in thin section. As was mentioned pre- 
viously, this random texture is common in rocks containing scapolite. 

The second fact, noted by Crosby (1968), is that amphibolites from the 
central Kootenay Arc often contain considerable amounts of microcline and 
biotite, more than expected if a rock of basaltic composition was the 


Source. Amphibolites in the Kootenay Arc may originate by metamorphism 
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of sediments or by metamorphism of tuffs mixed with detrital material, a 
factor which would cause variable amounts of microcline and biotite to 
be present. Buik chemistry plots indicate that the rocks lie in basalt, 
andesite or ultrabasic compositional fields, indicating that they could 
be derived from igneous rocks. Reactions may be written to explain 
zoning in amphiboles without recourse to the addition of extra components 
(Winzer, 1973, Appendix 4). However, zoning may be a late stage, post 
metasomatic effect. 

Diopside-actinolite-carbonate rocks containing large amounts of bio- 
tite and microcline cannot be produced from rational sedimentary or 
igneous rock compositions without addition of at least K50. Biotite in 
these rocks is quite often random in orientation and conspicuously sub- 
hedral in form, as compared to other minerals. 

That migration of cations took place may be illustrated by examin- 
ing the map of Kootenay Point (Fig. 3). Several pods, lenses and irregu- 
larly shaped bodies of monomineralic or almost monomineralic rock exist 
in this small area, which is similar to other outcrops of the same extent 
throughout the higher grade portions of the area. The monomineralic 
areas are usually actinolite or biotite and may range in size from bands 
one centimeter thick to pods or lenses one meter or more thick and 
several meters long. Within such monomineralic areas, the mineral is 
randomly oriented in sprays or mattes. Thin section examination reveals 
that 95% of the slide consists of the mineral in question, with small 
amounts of other minerals common to the area. 

The presence of scapolite further confirms the migration of fluids. 
Scapolite replaces plagioclase in some eee or grows independently in 


others, poikilitically enclosing biotite, diopside, amphibole and quartz 
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as well as accessory minerals. 

These factors, added to the enrichment of potassic minerals above 
the hornblende and garnet isograds, provide sufficient independent evi- 
dence to suggest that at least potassium has been added to rocks of 
higher grade, but not all rocks appear to be equally affected. For 
instance, there is less reason to suspect that calc-pelites have had 
K,0 added at higher grades, Some amphibolites would also appear to have 
undergone isochemical metamorphism. The large compositional variability 
of rocks from the central Kootenay Arc could be explained by metasomatic 
introduction of material into certain rock types, such as siliceous 
magnesian carbonates. 

In contrast, the variations can also be explained by sedimentary 
facies change. This argument can be supported to some extent by 
observing that the hornblende and garnet isograds lie close to the 
inferred contact between Horsethief Creek Group rocks and the Hamill 
formation in the southern portion of the map area and Hamill and Lar- 
deau Formations in the north. Most of the samples from the central 
and western portions of the map area come from the Lardeau Formation, 
but some from the southwestern portion are from the Milford Group. 

Using this argument, the rock composition would be said to control 
the assemblages found. 

Against the above are the following arguments: 1) In the north- 
eastern portion of the map area, the isograds do not conform to the con- 
tact, and as was mentioned in the discussion of geologic setting, Lar- 
deau Formation and Hamill Group rocks are infolded in this region. 


2) The presence of scapolite and random orientation of biotite with the 
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textures described earlier, suggest independently the introduction of 
material. 3) The presence of monomineralic zones suggests independent 
migration of material, as it is impossible to find a parental rock with 
actinolite or biotite composition. 

With these arguments in mind, we can reconsider the reactions tak- 
ing place in actinolite-—diopside-microcline-plagioclase-biotite rocks as 
involving essentially inert components CaO, MgO, FeO, Aly03 (?) and 
SiO, (?) and more mobile components K,0 and Na,0. Coupled reactions 
involving the breakdown of actinolite in the presence of quartz, water 
and dolomite, with mobile K would form biotite and pyroxene. Reactions 
involving the breakdown of plagioclase in the presence of dolomite would 
form scapolite and biotite, liberating Al1,0, for the formation of micro- 
cline. Further discussion of these reactions will be saved for the 


last section following discussion of chemical equilibrium. 
Status of CO5 


The status of CO, is of interest in any metamorphic area. Zen (1961) 


discussed the possibility that co, might be an “internal value component" 
in some metamorphic rocks. Winkler (1967) discussed variable molecular 


proportions of COQ, in metamorphosed siliceous limestones. Evidence for 


2 


the value of Xco in rocks from the Kootenay Arc comes from the assem- 
2 
blages present. If calcite and dolomite are present with quartz or trem- 


olite, in an area where the temperature can be shown to be high enough 


to cause a reaction to take place, then the molecular amount of C02 must 


be high. The diagrams of Skippen (1971) indicate that, for T= es 8 pa ys 


x : . eee 
co, =~ U.o at Fico, 4 P50 = 2 kb. Inspection of Table 4 indicates one 
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case of tremolite-actinolite-calcite-dolomite—diopside coexisting with 
biotite (T2~18h). There are more numerous cases of tremolite-calcite— 
dolomite-diopside with biotite and scapolite, or with plagioclase, but 


without quartz. The first assemblage suggests X =i), O mace e. + 


CO» CO, 
Py 5? 2 kb. However, it is not an invariant assemblage, thus any exact 
9 


definition of X is not possible. 
co, 


Two assemblages containing both carbonates, biotite, quartz and 
microcline or plagioclase, but lacking diopside (1OBT-3) or diopside 
and tremolite (8AT-18) can be found in Table 3. These assemblages would 
only fail to react if "C0, were high enough to prohibit the decarbonation 
reaction. 

Further corroborative evidence that RGOs was high in some rocks 
lies in the presence of high carbonate meionites in assemblages from the 
Point and from regional rocks. Scapolites from the region were not ana- 
lyzed, but they are optically similar to those from the Point. These 
Scapolites have quite low Cl contents, variable S and high CO,. The 
fact that their composition was unrelated to plagioclase composition, but 
was fairly uniform regardless of assemblage, indicates that their para- 


genesis is related to P The evidence indicates that scapolite formed 


C05" 
at high P fs 
eco; 


However, other assemblages are found which do not contain both car- 
bonates, or which contain assemblages like tremolite-calcite-diopside 
with biotite or feldspar but no quartz or diopside-quartz with some cal- 
cite. These assemblages suggest that decarbonation reactions were able 
to proceed, thus implying a lower Ed; * The low Age rocks lie within 
150 m of those with high P indicated. Thus the effect cannot be one 


CO, 


of temperature. The data indicates that cca, varies from rock to rock, 
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and thus is not controlled from the external environment, making it an 
internal value component and Suggesting that some rocks are closed to 
CO>. Putting this statement another way, co, is internally buffered in 
some rocks but not in others. The mole fraction CO. is likely signifi- 
cant in most rocks from the central. Kootenay Arc, simply because of the 
presence of carbonate in nearly all rocks. Equilibrium coexistence of 
carbonate with silicates other than quartz, calcite and dolomite is not 
well understood, but it is likely that Bea must remain at fairly sieni- 
ficant levels to stabilize carbonate in the presence of feldspars and 
chlorite in relation to phlogopite or hornblende respectively, but at a 
sufficiently low level to prevent low temperature dissociation of musco- 


vite. 
Status of Oxygen 


The crossing of the hornblende isograd correlates with the disap- 
pearance of magnetite and hematite from most rocks in the central Koote- 
nay Arc and correlates with the appearance of low iron, high aluminum 
epidote. The change from iron epidotes to aluminous epidotes is corre- 
lated with change from oxidizing to reducing conditions (Holdaway, 1972). 
Opaque minerals in rocks above the hornblende and garnet isograds are 
mainly sulfides; pyrite, pyhrrotite, chalcocite and chalcopyrite, with 
carbonates containing considerable graphite. Graphite occurs throughout 
the central portion of the Kootenay Arc, in low and in higher grade rocks, 
The presence of graphite indicates low oxygen fugacity, but exact oxygen 
fugacities depend on T and COs (Nokleberg, 1973). The data indicate a 
change from oxidizing to reducing conditions across the hornblende and 


Samet isograds. Systematic work on sulfide phases, present in all rock 
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types, would allow further quantification of oxygen fugacity, and it is 
recommended that such work be undertaken in future studies within the 
Kootenay Arc. It would be of considerable use in quantification of 


reactions suggested earlier, 


Pressure-Temperature Conditions of Metamorphism in the Central Kootenay 


Arce 


Pressures during metamorphism in the Kootenay Arc were high, pro- 
bably between 6 and 8 kb for the range of temperatures indicated. Of 


and in some rocks P 


total ~ 


this pressure, PH,0 was less than Pdeoe 


Poy Pressures derived from comparisons of muscovite, chlorite and 
amphibole compositions indicate a facies series between Barrovian and 
Glaucophane schist. 

Thermal gradients in the region are fairly low, as indicated by 
lack of large changes in composition for muscovite, amphibole, biotite 
and pyroxene with change in grade, and by temperatures derived through 
the use of the calcite-dolomite geothermometer. Another indication of 
low thermal gradients may be found by comparing distribution coefficients 
for hornblende-biotite, Ss ea and biotite-muscovite. 
eye St-Dt Ry Fese aD Stand Ky Febi-MU are the only distribution coef- 
ficients showing systematic changes with grade. Ky Tae eee increases 
in a linear manner from 0.85 - 1.75 with grade ‘pneasee Ro MgAct-Di 
decreases from 1.25 to 0.55 over the same interval. The change in 
Byes t-DL is non-linear. K, rellu-Bi decreases from 0.16 to 0.03 from 
low to high grades. The plot of Kp Fe!lu-Bi shows considerable scatter 


and is non-linear. All other distribution coefficients for all other 


Octahedrally coordinated cations show random distribution of Ky with 
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grade. It is reasonable to assume that they do so.because of lack of 
strong thermal gradients, but lack of equilibration or effect of other 
cations on partition relations must be sonsidered. The latter two 
reasons will be discussed more fully in the last chapter. 

Only two isograds can be mapped consistently over any distance 
in the central Kootenay Arc. These are the garnet and hornblende reaction 
isograds defined by reactions 2, 3 and 4 respectively. The two lie about 
1.5 km apart in the southern half of the map area, but may coincide in 
the northeastern section of the region. The tremolite isograd is also 
present but is not parallel to the others, an occurrence found in 
other areas (Hutcheon and Moore, 1973). This isograd cannot be mapped 
in the area. Reaction temperatures for these isograds lie between 430 
and 500°C. Temperatures above the isograd did not rise significantly 
over 530 C, based on the incoming of staurolite and on the calcite-dolo- 
mite geothermometer. Comparison with the almandine isograd in the Haast 
Schist Group (Cooper, 1972) and with the hornblende isograds of the 
Bessi-Ino district in Japan (Banno, 1964) and the oligoclase isograd 
of the Haast Schist Group (Cooper, 1972) indicates that the position of 
the isograds is similar to those in the Haast Schist Group. The horn- 
blende isograd in the central Kootenay Arc is reached before the alman- 
dine garnet isograd. Furthermore, the reaction producing hornblende in 
the central Kootenay Arc involves epidote-actinolite or chlorite-epidote 
and aibitic plagioclase rather than albite-actinolite-chlorite, and the 
amphibole produced is more calcic. Na,O contents are generally higher 
than K50 contents, approaching 2% in some cases, but they are not as high 
as those found in the lower temperature-higher pressure regions of the 


Bessi-Ino district. This is probably a function of temperature in the 
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Kootenay Arc, but it may also be a function of somewhat lower pressures, 
Soda contents of amphiboles produced in the reactions presented in this 
study are slightly higher than those from the Haast Schist Group, Fle. is 
more difficult to evaluate the significance of the reaction producing 
garnet in the Bessi-Ino district in comparison with that of the central 
Kootenay Arc. The main differences appear to be the presence of biotite 
in central Kootenay Arc, and the differences in MnO content between 
both garnets. Amounts of MnO in garnet are strongly related to oxygen 
fugacity in some rock types, but may be unrelated to metamorphic grade 
(Miller and Schneider, 1971). As no temperatures are given by Banno 
(1964), direct comparison is not possible, but the impression given is 
that the production of almandine occurs at higher temperatures in the 
Kootenay Arc. 

The order of isograds differs from the Dalradian of Scotland in 
that hornblende appears before garnet, but the picture is not complete 
because the biotite isograd cannot be defined in the map area. The two 
isograds may nearly coincide, as was indicated earlier by coupled reac- 
tions involving phengite and chlorite producing biotite and garnet in the 
same rock. The indication of all data available is that the metamorphic 
facies series is intermediate between the Barrovian and the Glaucophane 


schist facies. 


Senwawoy crawl aeiteon io sacstapeeh oe a ante 
whey oi Levsieoaeenl anakyonct Sele ek of payne a 
st 22 .qwort datde? taneh: 1) sek: sonia: nosis ketal x 
gntouborg fo haveps wilt’ 20 soa uae i othactanasts 
tescaep oft to omy aay Nez feaneie ve vageaet atcteReNe 
Y saedeasg ails of G3 Feoqye nace iy tbe iat - 


ve’ 


dswial treches: Ont. ab aeonhegiaeb: aap. eee yon 


gage os Satelit algioits axe Jena we enti ‘olaadt'y a 


a A) 


4% 


nize ro iriver Iet-08 bogele ya, od Yen ‘used Lagys ses 


» ‘a ye 
(NSE vd-setle. ore esyove. arty «96 uA Ser: + tabhvada®) é 


‘s 


> & He Ie. HERAT Fre F a1 4) 2 viv 4 sf an i baie. $a: eh, near 
ato ai eovusveamed Wougie te avons uiiiseoabdbts Sia ‘ 


5 . £ | Soe oS Oe ae 


ot: Sirtsonk Yo sedi wlel: sth sores wish geaeambnhite 
Sialamin dou Ri tnitoly. ont, Jud Son iLypy ye seks rsa ob 
ov) sfY «hete ano et? al Sotiteh ati ie ae. heegonh 


ns) ia 


“beat Del MMoUNd tesinon bade » et wee wot a 


in ok zat how 2ti20gd gotpeeete ERAS: $ne eitgaodg gaty 
: oF - ; 

Didgeosicm: 379 Jedd ek valdet eS pais ita, 3 sammie om 

ice ae 


smadqoouint. ede bo ae lwor vad hia cneuied 


ba 
v 

e s 

. 
7. 

¢ 
“9\% oa 

- i 


CHAPTER IV 


CHEMICAL AND ISOTOPIC EQUILIBRIUM 

The problem of chemical equilibrium in metamorphic rocks is impor- 
tant, since most discussions of temperature or pressure regimes of meta- 
morphism presuppose that minerals in the rocks in question have reached 
a state of true equilibrium. The nature of this equilibrium and the 
degree of attainment of equilibrium have been the subject of considerable 
discussion (Thompson, 1955; Korzhinskii, 1957, 1966, 1967; Kretz, 1959, 
1960; Weill and Fyfe, 1964, 1967; Moxam, 1965; Blackburn, 1968; Saxena, 
1969a, and others). Discussicns of chemical equilibrium involve use of 
the phase rule, textural relationships, interpretation of the geometry 
of joining tie lines of coexisting minerals (Zen, i961) and the use of 
partition diagrams (Kretz, 1959, 1960; Moxam, 1965; Saxena, 1966, 1968a, 
b, 1969b; Gorbatschev, 1969; Kwak, 1970; Lyons and Morse, 1970, and 
others). A considerable number of papers use one of the above methods 
to determine how closely the system has approached equilibrium. 

Two basic problems complicate the study of equilibrium in metamor- 
phic rocks. The first is that all factors of equilibrium in a system at 
the time of metamorphism are not known. The second is that a natural 
metamorphic system is, because of changing conditions, one which has not 
reached a stable or "steady state" equilibrium. The first problem leads 


to circularity of reasoning in applications of thermodynamic parameters 
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to metamorphic rocks. One easily appreciated example is the evaluation 
of temperature based on the presence of certain phases. The determina— 
tion of temperature usually necessitates some assumptions about the 
nature of volatile components which are said to have been present. This 
problem can be diminished to some extent by direct measurement of compo- 
-sition of fluid inclusions, or by using a thermometer which is based on 
simple subsystems which are relatively less affected by changes in the 
larger system, The second problem is much more difficult, since it 
involves reaction kinetics and necessitates deviation from assumptions 
of classical thermodynamics related to evaluation of metamorphic reac- 
tions. An example is the study of metamorphic reactions in experimental 
systems. Here all equilibria are based on reversible reactions, usually 


in closed systems with simple mineralogy. In a natural system, however, 


reactions proceed irreversibly. (Korzhinskii, 1957). Because of the 
irreversible nature of natural reactions, the concept of local or 
mosaic equilibrium has been erected to allow handling of reactions in 
the dynamic state (Korzhinskii, 1957, 1970; Thompson, 1955, 1970). 

In order to study the concept of equilibrium in metamorphic rocks 
and to demonstrate effects of incomplete equilibrium or disequilibrium, 
a small area of the Central Kootenay Arc was selected for concentrated 
Study. This area was chosen because of its small size, allowing T and 
P= Bork) differences to be ignored and because of wide variation in 
chemical composition, texture and mineralogy. This variation, within 
very narrow PT limits, allows compositional controls of such variables 
as partition coefficients to be determined. 


Many of the rocks studied contain textural evidence of disequili- 
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brium. These textures are: 1) Zoned minerals: garnet, epidote, amphi- 
bole and plagioclase feldspar; 2) Ragged or irregular boundaries on min- 
erals: garnet, biotite, feldspars, amphiboles and epidote, as well as 
carbonates; 3) Presence of incompatible mineral assemblages at tempera- 
tures apparently beyond their reaction limits: dolomite, calcite and 
quartz; tremolite, calcite and dolomite. 

Other rocks, often in direct contact with rocks showing examples of 
the above, have textures which would be interpreted as indicative of 
equilibrium. Minerals are optically unzoned, boundaries are smooth with 
many “triple junctions" indicative of boundary adjustment to equilibrium 
conditions (Spry, 1969) and no incompatible phases are present. These 
rocks are separated from those showing disequilibrium textures by sharp 
dares, Thus, both texturally equilibrated and non-equilibrated 
rocks coexist side by side under the same conditions of temperature and 


total pressure. 


APPLICATION OF THE PHASE RULE 

Adherence to the phase rule is a necessary but not sufficient con- 
dition for an assemblage at equilibrium (Zen, 1961). The Gibbs Phase 
Rule was derived for essentially static systems, but Korzhinskii (1957) 
demonstrated that the phase rule could be derived for and applied to sys- 
tems undergoing dynamic change. It has also been demonstrated that the 
phase rule may be applied to systems containing mobile components 
(Thompson, 1955, 1970; Korzhinskii, 1957, 1970) thus extending its pos- 
sible use to open systems. 


Accurate definition of inert and mobile components must first be 


made before application of the phase rule is possible. Differentiation 
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between inert and mobile components is one of the greatest problems in 

the application of the phase rule to metamorphic rocks. The identifica- 
tion of mobile components depends upon recognition of an open or a 

closed system at the time of formation of the mineral assemblage. We 

are immediately confronted with the necessity of making assumptions as 

to the nature of the system at the time of formation. Some of the assump- 
tions concerning Kj0 and CO, have already been discussed. H50 and CO 
have been considered mobile by many investigators, but Zen (1961) raised 
the question of CO, being an internal value component. Fluid inclusion 


work suggests that CO, may exist as a separate phase (Smith and Little, 


Z 
1959; Takenouchi and Kennedy, 1965 and Roedder, 1972). H,O0 can reasona- 
bly be considered mobile in rocks bearing hydrous phases, but the actual 
composition of the fluid phase may introduce more mobile or inert compo- 
nents into the system. 

Definition of the number of independent inert components is another 
difficult problem. Korzhinskii (1957, p. 13) states that: "....the 
number of independent components is the smallest number of those chemi- 
cal constituents whose combination (addition or subtraction) can give 
the compositions of all possible phases in the system, including phases 
of variable composition." He goes on to define inert and perfectly 
mobile components as those components whose masses or molar amounts are 
equilibrium factors of the system (inert components) or whose chemical 
potentials, activities and concentrations in one of the phases (including 
partial vapor pressures) are equilibrium factors of the system (perfectly 
mobile component). 

Using the assemblages without incompatible phases (See Table 4), 


the phase rule can be applied to rocks from Kootenay Point. Comparison 
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of Fe/Mg ratios for biotite, pyroxene and amphibole in singie sections 
indicates that these two elements cannot be treated as one component. 
CaO, Alj03, Nay0, Ky0 and Sid, are the other major components, but where 
sphene is present as a separate phase, TiO, cannot be considered as an 
accessory compcnent, and must be used as another independent component. 
Using Gibbs' rule, the variance of systems from the Point is between 2 
and 8, with only two divariant assemblages (T2-18, T4-2). The remainder 
are trivariant, quadrivalent or multivariant. It is interesting to 

note that the two divariant assemblages are scapolite-bearing. If we use 
the Korzhinskii rule ee + dks = C + 2, where Jun are the independent 
intensive parameters T, Pity... Mand Se the extensive parameters 
(equivalent to phases) defined for the system at equilibrium, the vari- 
ance described above becomes the maximum number of intensive parameters. 
As T and P for the system are constant, the variance is the maximum 
number of mobile components present provided the system is in equilibrium. 
Thus, the phase rule alone cannot tell us if the rocks being studied 

are in equilibrium. If we make the assumption that they did ae oh equi- 
librium, the phase rule would indicate some information about the num- 


ber of possible mobile components in the system, 


PARTITION STUDIES 

Another possible approach to the problem of defining chemical 
equilibrium in a rock system is to study the partitioning of major and 
trace cations between coexisting phases. If a system has reached chemi« 
cal equilibrium, then everywhere within that system, the chemical poten- 
tial of each ion must be the same. Or, if stoichiometric requirements 


result in different chemical potentials for the same element in differ- 
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ent phases, &G must be at a minimum (Albee, 1965). If these criteria 
are not satisfied, reactions and rearrangement of phases and components 
are possible. The dependence of partitioning of elements on equilibrium 
factors of a system is given in the following relationship (Ramberg and 


De Vore, 1951; Kretz, 1959): 


_AG 
eo, 1X; 2RT 
AT = e = K) 
ae: X 


where xX, and ae are the mole fractions of the element in phase i and 
phase j respectively, G is the free energy, R is the gas constant, and 
T the temperature. This relationship defines the a eee, coeffi- 
cient (kK) which should be constant for any set of mineral pairs which 
have attained equilibrium at constant T and P. This is so because the 
relationship is derived from the expressions defining the chemical poten- 
tial of an element in each phase: A? sae + RTin f 2s 
aj = 42 +RTinfx,> , 

and ah = 4,° at equilibrium. The equation also illustrates the 
dependence of the distribution coefficient on T, where T affects WH 
differently in the two phases (Saxena, 1968). The distribution coeffi- 
cient has potential as a thermometer. However, f, the activity coeffi- 
cient, must be defined for real, non-ideal systems before any thermo- 
meter can be put to use, and this has proved generally impracticable. 

Mineral pairs of different composition coexisting in different 
rocks may be used to define the distribution coefficient graphically by 
plotting the concentrations of the element in question. The points will 
describe a curve or a straight line (at more dilute concentrations) 


passing through the origin with slope equal to Kp For dilute solutions, 
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the relations takes the form , oa (Kretz, 1960) 
. dh. - 49 a e 


Plots of ee against cu should provide a graphical illustration of 
the degree of equilibration of a system, providing the distribution coef- 
ficients are independent of crystallographic factors or other elements, 
and provided T was constant during formation of the mineral pairs. 

Trace elements are particularly sensitive indicators of equilibriun, 
since, at low concentrations, small changes in chemical potential will 
produce large variations in the distribution coefficient. 

Twenty-three pairs of coexisting amphiboles and biotites from rocks 
located on Kootenay Point were analyzed by electron microprobe. Two 
pairs from the same thin section, located less than 10 mm apart were also 
analyzed. Four pairs contain phases incompatible with each other and 
show disequilibrium textures (T2-2, 105-101, 72-80 and T3-2b). Two 
others (T1-8, 199-146) contain trace amounts of "incompatible" phases, 
but show textures indicative of equilibrium. Eleven pairs were further 
analyzed for eleven trace elements, Ga, Li, Cr, Cu, Go; ZngeNi, Mn, Res 
Sr and Ba. A Rb-Sr mineral isochron was derived for the twenty~two 
minerals in these eleven pairs, and nine of the biotites were dated by 
the potassium-argon method. The latter work was done in order to corre- 
late isotopic changes and changes in the age of minerals with possible 
varying degrees of equilibration. Trace element data are presented in 
Table 21, Rb-Sr isotope data are presented in Table 22, and K-Ar isotope 
data in Table 23. Major element values are taken from Tables 6 and 9. 
Error limits for trace element and isotope data are presented in Appen- 
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TABLE 21. 


TRACE ELEMENT CONCENTRATION (PPM) 


IN MINERAL PAIRS FROM KOOTENAY POINT 


Sample 


T1-9 (Hb) 
T1-9 (Bi) 


T4-2 (Hb) 
T4-2 (Bi) 


30-13E (Hb) 
30-13E (Bi) 


T3-12a (Hb) 
T3-12a (Bi) 


205-50W (Tr) 
205-50W (Bi) 


240-137E (Hb) 
240-137E (Bi) 


T4-6a (Act) 
T4-6a (Bi) 


T2-15 (Hb) 
T2-15 (Bi) 


T1l-1 (Act) 
Tl-1 (Bi) 


199-146 (Act) 
199-146 (Bi) 


T1-8 (Act) 
T1-8 (Bi) 


(Gis 


Cu 


16 
24 


23 
29 


25 
13 


Co 


29 
35 


32 
35 


34 
60 


Ue: 
SEE 


Zn 


95 
Lee 


162 
236 


1242 
680 


2666 
1613 


1649 
1282 


1633 
1018 


665 
196 


1349 
899 


980 
585 


2156 
13/5 


310 
B37 


983 
774 


754 
462 


612 
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TABLE 23. K-Ar ISOTOPIC DATA FOR MICAS FROM KOOTENAY POINT 


Sample K20 Ar40r Ar40r Age 
percent ec. STP Ar40 tot. m.v. 
205-50W 9.90 tems x 20-> 0.88 52 493 
T4-2 8.06 1.396 ‘ 0.68 SV ee 
Tl-1 9.06 1,665 2 OF 62 Sonne 
T3-12 1592 1 319 - 0.50 49 + 3 
T1-9 8.78 1.508 " O87 5 se ng 
199-146E 8.20 1.282 “ 0.59 de] Sates 
T2-15 9.05 Le Sas: - 0.65 5 O ieee 
30-13E 8.02 1.640 i 0.78 Slee 3 
T4-6 8.96 2 700 ‘s Ore3 ay fale 
T1-8 9.39 13633 i 0.63 Sy es: 


K40/7K = 0.000119 atomic 


K40, Ag= 4.72 x 10710 yr i 


Pe Ae= 0.585 x 10729 yr7t 
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PARTITIONING OF MAJOR AND MINOR ELEMENTS 

Concentration of elements in biotites and amphiboles are generally 
calculated as atoms of element divided by & Fe + Mn + Mg + Ti, after 
Kretz (1959); Moxam (1965). Calculation of concentrations is a problen, 
since sites are not equivalent in the amphibole group and may not be 
equivalent in the biotites. An octahedrally coordinated element con- 
peting for a site can be considered to occupy any of four sites in amphi- 
bole; M,; Mo, M, and M,- The M), site, however, is filled with Ca or Na 
in the calcic and subcalcic amphiboles, leaving only three sites avail- 
able for significant substitution. For ions with affinities for Mg, Mn, 
Ti or Fe, the three sites are considered to be equally available, unless 
a relationship exists between the element or its partition coefficient 
and an element existing in another site. Octahedrally coordinated Al 
is the usual element showing relationships to Ti, Mg or Fe. Among the 
major and significant minor cations, only Ti appears related to any other 
element, this being octahedral Al. Calculating concentration as the 
element over @ oct + aa makes little difference in the plots, however. 
Alkalis also present difficulties, as the site for K in amphibole is not 
always present (or occupied). Here, concentration is calculated as 


K (Rb or Ba)/Ca + Na + K. However, this calculation may not always be 


correct. 


Iron 

The partition diagram for iron (Fig. 49a) shows two groupings. One 
group is characterized by Ky = 0.96 and contains the hornblendes inclu- 
ding zoned pargasitic hornblende (240-137, T2-15, T3-12a, 30-13E). With 


the exception of T3-12a, pairs containing zoned amphiboles fall very 
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close to the line defining the distribution coefficient. The dichotomy 
representing the miscibility gap in the amphibole series is well repre- 
sented in this plot. For the tremolitic and actinolitic amphiboles (be 
(below Fe/$, oct = 0.4), the distribution is considerably more erratic. 
T4-6(1) and T4-6(2) (located less than 10 mm apart) show quite different 
distribution coefficients. The difference between the distribution 
coefficients is outside the error range of the analysis and reflects 
crossing tielines, interpreted by Zen (1961) as indicating disequilibrium. 
The conclusion drawn from this diagram is that equilibrium with respect 
to iron was closely approached in rocks containing hornblende-biotite 
pairs, regardless of zoning, but was not established in actinolite-biotite 
IV ; Fee oa 

or tremolite-biotite pairs. The plot of Al amphibole/Al _ biotite 

: Bi-Hb ieee 
(Fig. 49b) shows no relationship to K Fe other than to indicate two 


groups of amphiboles (actinolite and hornblende). Within each group, the 


Bi-Act 
general conclusion is that K Fe is smaller (closer to 1 in this case) 
Bi-Act 
than is KpFe » but both groups show complete scatter with no real 


trends indicated. Plotting the actinolite group as Fe/& oct + aivt 
decreases the scatter in Fig. 49a somewhat, but the relationships 
still hold. No change occurs in the hornblende group, suggesting some 


control by Al at lower Fe concentration. 


Magnesium 

In contrast to iron, the magnesium plot (Fig. 50) shows less scatter 
for the actinolite group and somewhat more scatter for the hornblende, 
but the general indication is for a closer approach to apparent equili- 
brium for this element in both groups. Samples 190-120 and T3-9 are con- 


Spicuously outside the trend, in agreement with the iron plot, indicating 
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Fig. 50. Partition diagram for Mg. Symbols and numbers as in Fig. 
49, Unnumbered, unfilled square lying above the line is 190-120, 


that lying below is T3-9. Both are near #7. 
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that both elements are disequilibrated in these two specimens, There 

is a suggestion that K Me is higher for hb-bi pairs than for act-bi pairs. 
However, the scatter in hb-bi is too large to be certain. Scatter among 
the hornblende group could be due to zoning (which produces large changes 
in Mg), but only T2-15 and 240-137 are conspicuously zoned (See Winzer, 


1973, Appendix 4). 


Manganese 

The Mn plot (Fig. 51a) again appears to show two groupings, although 
not all members of the iron or magnesium groups plot in the same Mn 
group. The actinolites generally plot in a scattered group with a small 
Kye Sample 30-13 could belong to this group, but may be disequilibrated 


due to zoning. Some samples do not belong to either group. It has been 


amph—bi 
suggested (Saxena, 1968) that Ca in amphibole influences K Mn - 
amph=-bi 
Ca ions to 23 oxygens were plotted against kK Ma . Again the samples 


divide into two groups, but no relation between or within groups can be 
found. No relationship exists between Mn and other elements, suggesting 
that deviations from the pattern are due to incomplete equilibration of 
the pairs. Among the pairs, those with actinolite show more scatter, but 
a majority of pairs fall near the mean kK? indicating relatively close 
approach to apparent equilibrium. 

It is interesting to compare a plot of PPM Mn (bi against coexisting 
hb) determined by atomic absorption with the plots of Fie. Sila (rie. Sib). 
The linear nature of this plot is striking, with three samples deviating 
significantly (30-13E, T4-2 and 205-50W). The position of T4-2 on this 
plot is odd, as it falls close to the line in Fig. 5la. The deviation 


of 30-13E is to be expected. 205-50W does not appear on Fig. 5la as Mn 
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diagram for Mn from 
microprobe analyses. 
Symbols and numbers 

as in Fig. 49. 

Ky calculated for num- 
ber 8, 


Pigw 1b. (SREMain 
biotite plotted against 
PPM Mn amphibole from 
bulk samples. Symbols 
as in Fig. 49. 


TiS. jot Cc, Fate ieron 
diagram for Mn from 
bulk analyses. Symbols 
and numbers as in Fig. 
49. K) calculated for 


number 7. 
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concentration was below the detection limits of the microprobe. Fig. 
5le is a plot of Mn/g oct for amphibole and biotite using the bulk 
bi-amph 
separates. She, is slightly higher than for the microprobe results, 
but the distribution looks quite similar, suggesting that Mn distribu- 
ticns within small domains have the same Kp) as the bulk samples, indicat- 
ing similar approach to equilibrium on microscale and macroscale for this 
element. Because the concentrations of the other major cations are deter- 
mined only for closely coexisting minerals, the concentration diagram 
(Fig. 51c) is not strictly comparable. Two separate lines of evidence 
suggest that Mn may equilibrate in larger volumes of rock. T4-6(1) and 
(2) show quite similar KpMn (Fig. 5la), and traces for zoned amphiboles 


indicate virtually no change in Mn across strongly zoned amphiboles 


(Winzer, 1973, Appendix 4). 


Titanium 

Ti/Z oct is plotted for amphibole and biotite in Fig. 52a. Com- 
plete lack of correlation is found with Ky ranging from 0.8 —- 15. 

amph-bi 
AilV Amphibole /A1LV Biotite was plotted against Kyfi to test, foe 
correlation between tetrahedral Al and Ti distribution (Fig. 52b). The 
Plot is equivocal. Up to K Ti = O Joa Liste as relationship exists 
amph-bi D ' ; 

between Kt and tetrahedral Al. Beyond this point, no relationship 


exists. It is possible that all plotted points show complete scatter 
amph-bi 


above KpTi = 0.3. Comparing the two plots, there is no certain 
amph-bi f 
relationship between K_Ti and tetrahedral Al, and scatter in the 
D 


distribution of Ti cannot be completely explained by control of this 


element in either actinolites or hornblendes. No other elements show 


any correlation with Ti, indicating that Ti has not equilibrated. Simi- 
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lar scatter has been found by Moxam (1965); Saxena (1968), Gorbatschev 

(1969), and Annersten and Ekstrom (1971). Moxam (1965) ascribed this 

scatter to inclusions of rutile in biotite or amphibole, but the micro~ 

probe analyses rule out this possibility. Gorbatschev (1969) found 

similar scatter in his amphibole-biotite pairs (also analyzed by electron 

microprobe) and concluded that despite some dependence on octahedral 

Al, the titanium did not equilibrate. A third possibility does suggest 

itself, however. If the mineral pairs in question do not exchange Ti 

with each other, but depend on consumption of another phase, then Ti 

is determined by the other phase, and the distribution coefficient of 

each pair is a function of the behavior of Ti in another phase. In 

rocks from Kootenay Point, sphene is common in rocks containing horn- 
hb-bi 

blende. There does not seem to be a relationship between Kyi and 

rocks containing or devoid of sphene. In areas where Kyti is determined, 

the presence of rutile, sphene, ilmenite or magnetite should be recorded. 


Enough data from widely spaced and differing areas might allow this 


problem to be solved. 


Aluminum 
No rationally interpretable distribution of either octahedral or 
tetrahedral Al was found between biotites and amphiboles studied on 


Kootenay Point. This finding is in contrast to that of Annersten and 


Ekstrom (1971) wherein a fairly strong positive relationship was found 


for rocks from a metamorphosed iron formation at approximately the 
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TRACE ELEMENTS 


Gallium 

Gallium may substitute in positions occupied by either iron or alu- 
minum (cosdnan., 1972). Plots of gallium against iron and gallium against 
aluminum for biotites and amphiboles from Kootenay Point do not show good 
correlation in the actinolite group and their coexisting biotites, but 
some positive correlation is found for Ga-Fe in hornblendes and their 
coexisting biotites. Figs. 53a and 53b show aabiieek in PPM for amphi- 
bole plotted against biotite (53a) an concentration of gallium in amphi- 
boles against biotites (calculated as Ga/Ga + Al + Fe). This plot is 
erratic, indicating that Ga is not equilibrated between the two minerals, 
since the scatter does not appear to be caused by control of another 


element. The scatter is well outside the error range of determinations. 


Lithium 

Lithium may be found either in tetrahedral or octahedral sites. Its 
Size and charge indicate that it would be found in sites occupied by Fe, 
Mg, Al or Ti. Li plotted against the above elements yields no relation- 
Ruins between them. Lithium was also plotted against K and Na, again 
without producing any significant associations. Fig. 54 illustrates the 
distribution of lithium. It is strongly fractionated into biotites, pro- 
bably due to the availability of octahedral sites for monovalent cations. 

amph—bi boa ee : : 

KyLi is calculated from Li/ Z oct less Ti. The Vee is consi- 
derable, due to the high slope of the line. No definite conclusions can 
be reached with respect to equilibration of lithium, but considerable 


Scatter exists in the plot. The distribution is more orderly than that 


of galliun, suggesting, perhaps, a closer approach to equilibrium. 
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Fiey Sose. -Parti- 
tion diagram for Ga, 


Symbols and numbers 
as Zn Pig, 49, 


K. 2.35 calculated for 


number 2, Kp0.56 cal- 
culated for-number: 3, 


Fig. 23) bs. «PPM Ga 
biotite plotted 
against PPM Ga amphi- 
bole. 


Symbols and numbers 
asin Bie, 649. 
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Fig. 54. PPM Li biotite plotted against PPM Li 
K. is caleulated as Li/2 oct Bi/ Li/ 
Zoct amph, S.oct = Fe + Mn + Mg. Symbols and 
numbers as in Fig. 49. K, = 23.8 calculated for 


number 7} Ky = 6.3 calculated for number 4, 
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Nickel 

Nickel should substitute for iron or magnesium in the silicate lat- 
tice. Plots of Fe and Mg against PPM Ni reveal some interesting rela- 
tionships. First, only the faintest relationship exists between Ni and 
Fe in either actinolites or hornblendes and their coexisting biotites. 
Magnesium, on the other hand, shows an interesting relationship between 
Mg and Ni in the hornblende group (Fig. 55a). A nonlinear relationship 
exists up to about 80 x 103 PPM magnesium, whereupon the relationship 
changes to one in which Ni is independent of Mg. The actinolite group 
is uniformly low, and neither biotites nor actinolites show any relation- 
ship between Mg content and Ni content. Plots of Ti against Ni show no 
relationship. 

Fig. 55b illustrates the partition of Ni between biotite and horn- 
blende. The distribution coefficient is calculated as Ni/Z oct, and 
ranges from 0.51 - 5.56. The distribution may be nonlinear, as indi- 
cated by 205-50W, T2-15, T4-2, T1-9 and 240-137. Unfortunately, T2-15, 
T1-9 and 240-137 are zoned, although T1-9 is only slightly zoned. Zoning 
appears to influence the pattern somewhat, although unzoned minerals do 
not show any systematic trends. Nickel would appear to be disequili- 
brated for both groups. The grouping of nickel suggests a different 
origin for the "amphibolites". High nickel values are to be expected in 
basaltic or ultrabasic rocks, thus the higher values for amphibolites 


Suggest an igneous parent. 


Chromium 


Chromium has a more regular distribution than nickel. The general 


group relationships are the same as for Ni, except that the Mg dependence 
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Fig.°55 a. 

PPM Ni (both amphi- 
boles and biotites) 
plotted against 

PPM Mg x 103 

for amphiboles and 
biotites. 


Squares ~- amphibole. 


Circles -— biotite. 
Filled squares - 
actinolite. 


Pees DD. 
Partition diagram 
for Ni. Symbols 
and numbers are 
as in Fig. 49. 
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shown by Ni is not shown by Cr. Fig. 56a illustrates the range of con- 
centration and degree of scatter. Some of the scatter may be due, as 
with nickel, to zoning in amphiboles. Fig. 56b plots Cr/& oct and gives 
the average distribution coefficient (0.93) for oe Ti-1 lies conspi- 
cuously off the trend, which may be due to atecaiipers Chromium 


would appear to be very nearly equilibrated within the rocks studied. 


Cobalt 

Cobalt shows a very interesting trend. Two populations exist, with 
separate distribution coefficients, as illustrated in Fig. 56. 30-13 is 
off either trend, which could be due to zoning, although T2-15, also 
zoned, falls right on the second trend. The distribution within each 
trend seems quite regular. Plots of Co against Fe, Mg and Ti show no 
correlation between these elements other than grouping in actinolite and 
hornblende groups. Ti plotted against Co shows a very general increase 
in Co in both biotite and amphibole as Ti increases. Kp shows no rela- 
tionship to Ti, Fe or Mg. No explanation can be found for the two popu- 
lations. Actinolites and hornblendes may be found in each group. Co 
shows an ambiguous trend, probably indicating diequilibrium within all 
rocks studied, but the two trends may be due to some other undetermined 
factor. 
Zinc 

Zinc may substitute for Mg or Fe in silicates which have OH bonds 


(Zemann and Wedepohl, 1972). Plots of Mg and Fe against Zn do not show 


any relationship between the two. Ti plotted against Zn shows a weak 


negative trend for hornblendes and their coexisting biotites. The trend 


for amphiboles is stronger than the "trend" for biotites, but is 
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Fig. 57. PPM Co biotite against PPM Co amphibole. 
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very weak. Fig. 58 gives the distribution pattern £0r Zn in bivtite: and 

amphibole. There is considerable scatter in this plot, and no readily 
amph-bi 

apparent groupings appear. Kpén varies from. 0.67 to:2.52, calcu- 

lated as Zn/Zn + Fe + Mg. Calculating Ky as Zn/Z oct does not substan- 

tially change the relationships. The distribution coefficient was cal- 

culated in terms of Fe and Mg, because these two elements are closest to 


Zn in behavior. Zn does not appear to be equilibrated in the rocks 


studied. 


Copper 

Copper values for biotite and amphibole are quite low. Cu shows no 
relationship to other octahedral cations. Fig. 59a illustrates the dis- 
tribution of Cu between amphibole and biotite from Kootenay Point. Con- 
siderable scatter is evident. Fig. 59b plots Cu/@ oct for the pairs. Kp 
varies between 0.42 and 2.38. Using only pairs with unzoned amphiboles 
produces no difference in the plots. Cu appears to represent disequili- 


brium in rocks from Kootenay Point. 


Barium 

Due to its large size, barium can only fit into the 12 fold sites of 
amphibole (the A-site) or biotite. For this reason, calculation of 
barium concentration in the calcic and subcalcic amphiboles may be made 
as Ba/Ba + Na + K, but should not be made as Ba/Ba + Ca + Na + K because 


the My, site is not available. The same conditions hold for rubidium 


because its size will not permit it to fit into the M), site of the amphi- 
bole. Ca or Na atoms occupy the 12 fold sites in biotite (Deer et al., 


1966), and the calculation is made as Ba/Ba + Ca + Na + K. Both calcu- 
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Fig. 58. PPM Zn biotite plotted against PPM Zn amphibole. 
Ky calculated as Zn/Zn + Mn + Mg biotite/Zn/Zn + Fe + Mg 


amphiboles. Symbols and numbers as in Fig. 49. 
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lation methods were used for amphiboles, with the result that Ba/Ba + 
Ca + Na + K gave large variations in K , whereas Ba/K or Ba/Ba + K gave 
more reasonable coefficients, as would be expected. Ba/Ba + K is used 
for diagrams presented and because the concentration of barium can be 
quite high, the non-ideal model developed by Ramberg and De Vore (1951) 
is used to calculate Kp: 

Barium was plotted against K, but no relationship was found between 
the two. An enrichment in Ba by a factor of 5 over the other samples 
studied is found in Tl-1 and 240-137. There is no obvious reason for 
this anomaly; Tl-1, a high carbonate rock could have considerable 
barium, but 240-137, an amphibolite, should not. 

Fig. 60 illustrates the partition relationships for Ba. At higher 
concentrations, Ba fractionates towards biotite, but no preference exists 


amph—bi 
for Ba at lower concentrations. K_Ba ranges from 0.27-9.5, an indi- 


D 
cation of the considerable scatter present. The scatter appears to bear 
no relationship to zoning in amphiboles. Subtracting the four strongly 


zoned amphiboles produces no substantial change in the distribution 


relationships. 


Rubidium 

Rubidium behaves in a manner similar to that of Ba because of its 
large size and single charge, and its geochemical behavior is closely 
similar to K (Cocco, Fanfani and Zanazzi, 1972). Rubidium is to be 
expected in either the A-site of the amphibole group or in the 12 fold 
site in the micas. Rubidium is fractionated into biotites, as expected 
(Fig. 6la,b). The distribution is nonlinear, with 205-50W falling well 


off the trend. Plots of K PPM against Rb PPM for amphiboles and bio- 
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tites show: 1) for amphiboles: no relationship exists between K content 
and Rb content; 2) for biotites: a very weak positive trend with 
increasing K. This trend is not eonvidaredcigt eget inethemiient of 
the amount of scatter present. The partition relationships for Rb are 
shown in Fig. 61b. 

The concentration of Rb is calculated as Rb/K for the same reasons 
given in the barium section. Considerable scatter is apparent, indi- 
cating lack of equilibration for Rb. 205-50W is farthest from the trend 


and is also the sample bearing the greatest concentration of Rb. 


Strontium 

Strontium can be expected to fit into the M,-site of amphibole with 
Beme difficulty and fit into the A-site, but it will not fit into the 
other octahedral sites. In biotite, Sr would be found in the K sites. 
No relationship exists between K, Na or Ca and Sr in either biotite or 
amphibole, indicating that the distribution coefficient may be a function 
of chemical potential alone. The distribution of Sr is illustrated in 
bites. 62a. and 62b. 2280 scatter exists, but the preference of strontium 
for amphibole is well illustrated. The average distribution coefficient, 
calculated as Sr/Ca + Na + K(Bi)/Sr/Ca + Na + K (amph.) is 0.51 (Fig. 
62b). Considerable deviation from the trend is exhibited by 240-137, 
T1-8 and 205-50W. Only 240-137 has a zoned amphibole. There is no 


ready explanation for T1-8 and 205-50W, but 205-50W contains the lowest 


amount of strontium of any of the samples. 
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Fig. 62 a. PPM Sr biotite plotted against PPM Sr amphibole. 
Fig. 62 b. Partition diagram for Sr. 
Symbols and numbers for both a and b as in Fig. 49. 


x - 0.51 calculated for number 10. 
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BEARING OF TRACE ELEMENT PARTITIONING ON CHEMICAL EQUILIBRIUM 


The evidence from partitioning of major and trace elements between 
biotite and hornblende is not unequivocal, but the general impression is 
that a condition of disequilibrium exists between the mineral pairs for 
most elements. Among the octahedrally coordinated elements of the first 
transition series, only Mn and Cr appear to closely approach equilibrium. 
The scatter on the plots cannot be explained by control on the partition 
of the trace element by other elements competing for the same site, as 
has already been discussed. One or two other possibilities exist. The 
first is that the elements studied behave differently in actinolite than 
in hornblende, leading to different Kp in one or the other. Only Fe and 
Ni show a suggestion of differing behavior. Fe appears to distribute 
itself differently between actinolite and biotite than between hornblende 
and biotite, giving a lower Ky for act-bi pairs than for hb-bi pairs. 

Ni behaves in a systematic manner in biotite and coexisting hornblende 


when plotted against Mg, but no such systematic behavior is encountered 


in the actinolite group. 

The second possibility is that the crystal field stabilization 
energy differs among the elements and the different minerals. That this 
is so has been discussed by Schwarcz (1967) and by Burns (1970), but 
the effect is to change the distribution coefficient for various elements, 
This change does not cause scatter of points, but results in systematic, 


predictable changes in Kj between elements. Schwarcz (1967) showed that, 

H/B H/B H/B H/B 
for hb-bi pairs, Kin? Kae? Koo? Nya: This is generally true in the pairs 
li /H we! 


H 
Fe =~l, KP = 1.1-4.4 and Ni = OD Dis Dip but 


/H 
Studied, with KR = 0.53 Co 


Mn 


the scatter and disequilibration of all four elements do not positively 


iernleecretubl siete i panera nston S 


«Jecuts] Sun's bap ot ie eabeotstirag wo 


iyreany of suf Jeagenepscn jon at 


wu!) agtedteas que, 
Frege hig edd neoomed wrekne vinci hopath tor 


403. 23489 


40322 oft 4 atavesls tegentbeone ehlegbedsss0 Bf? eon 
ie tad thee aeons ySawnto CF ORR wd aiid an Ela « 
no Lu in ra barnes iqz? 30 age pa 

2% peukdartanold’ Bo cog sito fsa | 


ee .,.9ife See ond THe 


nolsrrvseaq 803 


att? ,detae seddididicarnq tendp Owe) se ant) howeagekh: 298 
aerly aoe Ions Poe ‘gi a icv i aT gvedae ba ibw fe eSrmote, waa | 
ben of yiad , Todo st yo. $a0 1 2 gootelilb of gatbasl, 


yolwaciod goinsth Ab to nohi 


oswiliieters os atssqyn of 
mceeabenlsiiy reste fs2i9 atsoed ot) ati Lonison anawied t i 


» Sting rei—-fiyl  8O3 yds wa fae el ae yo% tis rawol s acm 


i ee pe 
sbaaldirad ant 3 sx90o ‘bos wihigtd ol - WAUSS naan by 


“ 
? 


beveminoses ah totvpiled. shapwaseye (oon om Jud .gMutee. 7 93 
é \ vi. 7 7 1 


cokjemtthdss e biokt, Fegeye ae feds of yWLLidteeoq 

bay | me: air ts ar) 

ais Sedt walexonio treet ih. ads, bite, mrs aes gore et | BS 

<a barr De 

2  COSRL) vertad. yt bem, CVORED xan mnto, wd inane 13 
wthoretia avolney +R 298s Ti 3605 nokwudes akb oda, reo te 


"i iaaty sal ieoioenn Sud pte eS 
"4 ib 


etait beware. ($304). xovmwnise ne ai vs 
ual toe 


eitng of nt oud ylleronsg el. eldt i 
td t.0-0.0~ gt bab dtd oo ee: 


| gheveshesy Yon ob: asiamets wok Hig Fos 


—— 


Z20 


confirm the trend. The difference in CFSE between different mineral 
pairs suggests an explanation for the grouping of Fe and Ni. If the 
octahedral sites in actinolites are different than those in hornblendes, 
and some differences are indicated by Ross et al. (1969), the CFSE would 
be different for hornblendes, and for actinolites. Since differences in 
CFSE affect the distribution of transition metal cations, this could 
explain the differences in KD for Fe and possibly provide some explana- 
tion for the behavior of Ni. 

A possible explanation for the scatter in the Fe and Ti plots may 
be provided by the fact that both elements are known to exist in two 
oxidation states in natural materials. The lack of determination of 
Fe3* does not allow a test of this hypothesis, but it is expected that 
Fest | which has a CFSE, may distribute itself differently than Fe2t, 
which does not. If the different pairs formed under different conditions 


of f£, , then the amounts of Fest present may vary from sample to 


03 
sample, causing variability in K) which is not related to disequilibrium. 
The same thing is true of Tist, but Tift is probably overwhelmingly 
favored at these metamorphic grades. 

Among the other octahedrally coordinated elements, Sr, Li and Ga 
(2), only Sr shows close approach to equilibrium. Part of the scatter in 
Li and Ga may be due to the fact that both may scatter between octahedral 
and tetrahedral sites, but the amount of either element present in the 
Al-Si tetrahedra should be small. 

Among the large alkali cations, complete disequilibrium exists. Ba 
and Rb are strongly fractionated into biotite at higher concentrations, 


but no systematic trends can be found for either element. There is a 


Possibility that the distribution of Rb is nonlinear, but this cannot 
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be confirmed with the number of data points at hand, 

The reasons for this lack of equilibrium lie in the behavior of 
the chemical system. The lack of equilibration of alkalis can be 
related to their behavior as mobile components. Examination of Tables 
1 and 4 reveals anomalous K and Na ratios in rocks from Kootenay Point. 
Fig. & illustrates the Na,0 and K,0 trends with increasing Si0, for 
the 44 analyzed specimens from Kootenay Point. Despite the error range 
for these analyses, trends are clearly real and can be seen to correlate 
with modal mineralogy. The following observations may be made by exam- 
ining the map (Fig. 3): 

1) Potassium rich rocks are found in biotite amphibolite pods, 
such as those lying to the extreme west on the tip of the promontory. 
They are found in zones sandwiched by pegmatite and in the areas labeled 
"marble". 

2) Excepticnally high soda rocks are found close to small pegma- 
tite dikes which have observable thermal aureoles. These aureoles are 
characterized by a margin of green mica in sharp contact with the peg- 
matite. The mica zone dies off over a distance of about 1 cm to be 
replaced by reddish biotite, tremolite-actinolite and diopside with cal- 


cite and/or dolomite. 


3) Rocks with low Na and K are found somewhat removed from aplites 


and pegmatites, but exceptions occur, such as T1-6. 

It must be kept in mind that the map, even at the scale drawn, is 
generalized. All rocks are inhomogeneous on scales of more than one 
meter, The "marble" contains numerous monomineralic pods of tremolite 


Or pale green actinolite, as well as a few zones of pure magnesian bio- 


tite and zones of pure carbonate. The amphibolites contain pods which 
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are over 80% biotite, or 95% pargasitic hornblende. 


From Tables 1 and 4, and Fig. 63, the remaining generalizations 
may be made: 

4) High K,0 contents are correlated with high modal percentages 
of biotite where quartz is absent or high biotite and K-feldspar (micro- 
cline) where quartz is present. 

5) Where Na»0 is low or zero, the only soda-bearing minerals in 
the rock are amphibole or diopside. 

6) Where Na,0 > K,0, quartz and plagioclase are present, except 
in the small aureoles. 

i) wvAs  K 


O increases in a rock, Na,O drops (generally). Where 


Z 


both drop together, K,0 and Na,O are concentrated in one mineral (usually 


zZ 


hornblende). 

All observations can be best explained by differential mobility of 
alkali components. Any rock type, especially those plotting in the 
basalt-andesite or ultrabasic fields, should maintain a reasonable degree 
of homogeneity over the small distances involved here. It is obvious 
from the spatial distribution, chemistry and mineralogy of these rocks 
that inhomogeneity is the rule rather than the exception. If "amphibo- 
lites" alone are separated out, and if, as indicated at the beginning 
of this work, they are igneous in origin, such large variations are not 
to be expected. The lack of coherence between Na,0 and K,0 is also not 
to be expected in isochemical equilibrium systems. Thus we must con- 
clude that metamorphism of rocks on Kootenay Point involved addition and 
Subtraction of material, at least over distances of tens and perhaps 


hundreds of meters. The most likely mobile components are K and Na. 
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Other components, such as Si and Al may migrate. Solubility of Si is 
confirmed by fluid inclusion work from other areas, and the possibility 
of Al migration is suggested by the presence of biotite and feldspar in 
the carbonates. 

The lack of Na,0 in many rocks can be explained in two ways. First, 
Na may not be as mobile an element as K. This has been found to be true 
for skarn rocks (Korzhinskii, 1957, 1965). Support for low mobility of 
Na on Kootenay Point can be found by examination of the spatial distri- 
bution of high soda rocks, as mentioned earlier. Second, Na may be as 
mobile as K, but it is not "stabilized" in the system unless there is 
enough excess SiO) and Al 03 to form plagioclase. Support for this 
hypothesis lies in the fact that plagioclase and quartz occur together, 
and biotite may be subordinate to both. 

Other reasons can be found, one obvious reason being that the ori- 
ginal rocks were poor in soda. ‘The only source for soda is plagioclase 
of low An content, and it is most prevalent in the pegmatitic and 
aplitic bodies from the Point. These bodies may also be a source for K. 
Another possibility is that Pu,0 controls the stability of biotite 
with respect to feldspar, and in high P70 environments a hydrated phase 
such as biotite becomes stable, thus "fixing" K in the rock. tee would 


be related to ae however, and evidence is present that Poo was high 


in rocks containing biotite. It is felt that this latter possibility 


may be a control, along with differential mobility of K and favorable 
Si/Al ratio, on the formation of biotite over feldspar in high K rocks. 
This point cannot be proven, but fluid inclusion work on the silicate 


phases would provide information on the amount of co, present and the 


composition of brine present at the time of crystallization. 
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Less mobile major cations like Mg, Fe and possibly Mn, more closely 
approach equilibrium during the prograde period of metamorphism, and 
then do not remobilize as readily during the time of cooling following 
the culmination of metamorphism. Titanium distribution is unexplainable 
by any of the above reasoning. Ti is one of the less mobile elements, 
and it may be that close approach to equilibrium for Ti is only possible 
where sustained high temperatures have existed for long periods of time, 

Distribution of minor elements can be explained by change in chemi- 
cal potential during the period of cooling. Some elements are quite 
soluble depending on brine composition and pH (Cu, Zn). The distribu- 
tion of elements present in trace concentrations is very sensitive to 
changes in chemical potential. Thus, small changes will affect them to 
a larger extent than it will affect components present in larger amounts. 

In summary, we may state with reasonable confidence that chemical 
equilibrium was not attained in rocks from the Point, but that some 
elements more closely approached equilibrium than others. The presence 
of aplites and pegmatites provide a source for K, and possibly for Na 
on a very small scale, but these elements were probably not introduced 
during intrusion. They may have been derived during the thermal event 


producing maximum metamorphism. Temperatures derived for metamorphism 


on the Point are consistent with partial melting of pegmatitic material 


at high total pressures. An alternative is to appeal to partial melt- 


ing of material as yet unroofed existing still deeper and at higher 


temperatures. 
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ISOTOPE GEOLOGY 


K-Ar 

K-Ar age dating has been carried out throughout the region of the 
Kootenay Arc. Examination of the isotopic age map of Canada (Douglas, 
1971) reveals the distribution of data points, with attendant ages. A 
compilation of all K-Ar age dates, including the ten ages from metamor-— 
phic rocks on Kootenay Point was made, and the results are plotted in 
Fig. 64. The bulk of all K-Ar ages for igneous rocks fall between 10 
and 100 my, but a double peak is in evidence, with another concentration 
of ages between 120 and 180 my. The overwhelming majority of ages for 
metamorphic minerals fall between 10 and 90 my (including the 10 bio- 
tite dates from the Point). Only three ages from metamorphic horn- 
blendes have been obtained, One of these is a 124 my date on an amphibo- 
lite pod about 1.5 km east of Kootenay Point (Baadsgaard, pers. comm., 
1973). The other two are from the Shuswap Complex and give ages of 61+ 
6 and 79+8 my respectively (Wanless et al., 19677)... 

The meaning of these ages must be assessed with care, in view of the 
complex metamorphic history of the area. K-Ar ages are thought to repre- 
sent the time at which the mineral dated becomes closed to Ar (Moorbath, 
1967). This time, in view of activation energies derived for Ar in 
various minerals, may not be the actual time of crystallization of the 
Mineral, but may be the time at which the temperature became low enough 
that diffusion of Ar was negligible. For micas, this temperature may be 
as low as 150-200°C (Moorbath, 1967). Amphibole activation energies for 
Ar are 3 to 4 times higher than those of biotite. Thus, amphiboles may 


retain argon at much higher temperatures, but the retentivity of amphi- 
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Fig. 64 a. 
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Fig. 64 b. lO 
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Fig. 64 a. Histogram plot of K-Ar ages from igneous rocks from the 
Kootenay Arc. 


Fig. 64 b. Histogram plot of K-Ar ages for metamorphic minerals 
from the Kootenay Arc. 


Data for Figs. 64 a and b are taken from the following: Lowdon (1960, 
1961); Lowdon et al. (1962); Leech et al.,(1963); Wanless et al. (1964); 
Wanless ét al. (1965); Wanless et al. (1966); Wanless et al. (1967), 
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bole has been shown to be dependent on composition by O'Nions ‘et al. 
(1969). K-Ar ages from metamorphic minerals in the Kootenay Arc reflect 
the time that the mineral became closed to Ar, a time which may be con- 
siderably different from the actual time of crystallization (Moorbath, 
1967; Dewey and Pankhurst, 1970). Igneous rocks which have not been 
deformed or subject to heating following crystallization should give the 
age of crystallization providing cooling was rapid. 

With the above discussion in mind, an attempt can be made to inter- 
pret the data presented in Fig. 64. The igneous rocks show a wide spread 
of ages, with two groups evident, one centered around 70 my, the other 
130-140 my. If the major metamorphism occurred at between 120-160 my, 
followed by continuous cooling, the spread of dates might be expected 
to tail from a concentration in this range. This is not the case, how- 
ever, as the other concentration of ages occurs between 50 and 90 my. 
Available geological evidence suggests more than one period of metamor+ 
phism and further suggests that this later metamorphism has deformed 
and possibly recrystallized the margins of the older "batholithic" 
bodies like the Nelson and Kuskanax. Further support for this assump- 
tion is found in other parts of British Columbia and from the Cordil- 
lera in the United States. Ages from igneous bodies throughout both 
regions indicate an event somewhere between 50-/0 my ago. Large outpour- 
ings of plateau type basalt lavas in central British Columbia are Miocene 
through Paleocene in age. Eocene and Paleocene lavas are quite exten- 
sive feogeher. 1972): 

The assumption that K-Ar ages reflect the time the mineral has 


cooled has lead to the drawing of thermochrons by Dewey and Pankhurst 


(1970) for the Scottish Caledonides. The thermochrons mark the time the 
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mineral was uplifted to a point below the thermal barrier leading to Ar 
diffusion. The pattern of thermochrons leads to the suggestion that 

less highly metamorphosed rocks will give ages closer to the true meta~ 
morphic age because they are uplifted through the barrier marking the 
closing temperature of the minerals sooner than more highly metamorphosed 
rocks. 

Of the 36 ages from metamorphic minerals, most come from either’ 
Preeuschist or amphibolite facies, All but three are from micas. 
The youngest ages are found in the Shuswap metamorphic coun ie which 
lies in the sillimanite zone or higher, but there is no systematic dif- 
ference in age between minerals from amphibolite or greenschist facies. 
The entire spread shown in Fig. 64 may be found in either group. If 
the cooling theory is correct, then the amphibole ages should more nearly 
approximate the true age of metamorphism, but all three mentioned are 
intermediate between the postulated Jurassic event and the younger peak. 
The intermediate ages support the idea of overprinting, but obviously 
more data are needed. 

The histogram for ages on metamorphic minerals, interpreted in the 
light of the above evidence, suggests a thermal event 50-70 my ome and 
geological evidence cited earlier suggests that this thermal event may 
be associated with a younger metamorphism. The lack of any cluster of 
ages from metamorphic minerals around the interval of 130-180 my further 


substantiates this assumption, but K-Ar work on amphiboles and low-grade 


rocks is needed to confirm it. The cooling hypothesis, and that of a con- 


tinuous metamorphic event as postulated by Dewey and Pankhurst (1970) for 


the Scottish Caledonides does not explain the situation found in the 


Kootenay Arc, 
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Rb-Sr 

Pasie,. OD, 87¢7/86¢ +. is plotted against 87 pp /87 gy for biotites and 
amphiboles from the Point. If the system in each rock became closed to 
ic, at the same time, and if complete isotopic homogenization occurred, 
the lines joining amphibole and biotite should all be parallel, indicat- 
ing that all minerals are the same age, This situation would be similar 
to that found for the Baltimore Gneiss by Wetherill et al. (1968). 

Examination of Fig. 65 indicates that not all tielines Seite 
pairs are parallel. Samples T4-2(2), 205-50W(5) and T4-6(7) are closely 
parallel, while the remainder are not. The biotite from 205-50W(5) is 
the best sample for isotopic dating because of the following: 1) It is 
the "cleanest" mica, having a difference of 0.04% between bulk K90 and 
K50 determined by microprobe analysis. 2) It has a very large 87 Rp [86s 
ratio and a high proportion of radiogenic Sr. Thus, its position and 
the slope of the isochron associated with it are unlikely to be greatly 
affected by errors in assumption of the initial ratio, or determination 
of radiogenic strontium, 

The age calculated for this biotite and for the hornblende coex- 
isting with it is 48 + 3 my. The age is in good agreement with the 
mean K~Ar ages of all ae biotites. If we assume that this age reflects 
the time of the metamorphic event causing recrystallization of the min- 


erals in rocks from the Point, the distribution of the other minerals 


can be explained in two ways: 


First, if; as the K-Ar dates from igneous rocks and other geologi- 


cal data cited indicate, a period of metamorphism occurred in the Juras- 


sic which affected these rocks, the position of the pairs and slope of the 


tielines result from overprinting and incomplete isotopic homogenization 


“3 


bas ‘wertoctd vo% otha santegh bt 7 
6) Denvlo weadd ees ame’ canal 
be isdbe aeolian Langan aujenaat 9 osorgiton’ Hf 
Tafieiny od Ths Olaede sian 
wet hore afd Biyqw mohyerire arat hee we Pik] idle atorenta | 
God ln ay Paedasi at eungan ova eae | 

sonth Leda, Sta Sooty, dite sonst 28 Sait 9 toa 
aint (Vida baw OCHO age aeons eattynst .’ iit ve 
de C2yUOe-ROe wast oxtsobd: ont Si ate. penne atte 
ak 37 C1  sartthedint 983 to sino gated shqoseek 404 | | 
OuM Aiud epoied THO Te gouoritte « gahved Onan 
aoe ae agtel aie es end oe Xo  aheiaae edetyoishe : ; 
fi diy Seite. eoet ae wea yo Miers mE: 
elicery ad oa qldntee Fe sy ates heselacdas ehareuy oe 
ro? yeutere teh +h fae teptie® air 20 juts tenhitie ri ¢ 
igo shastinset si) ae hog siasutd eid? 707 b Sa tasies a8 
Aid nee) | reson intial tric» a aka ape ‘ott va € bth wet Tt ‘is 
sigofie? Sgn abla et ey a ensue ait Io aga! 
slo o02,,3¢0 acai siihades +0 rerey on i ies fe } 4 | 
elanusthmo aie si 46 a " | oda pernary an 

\ Me ee ree “yest oot 


mY ye or , | si Bt eT oe 
a4 | Fh i ee ; mis 
-tgolose ai forse. adgnry e*% 518 


san diae Nedd et 
ijt e. i : 


hal! yee 


vt te 


a : 
Hi 
“6 s@ 
4 
7 


-genthni 


uitalot 


+ 


api tub) Ss: df ‘fertnaa 


1 
J 
a 
nae | 
; , ao 
- 7 _ » 


hor \ sekionone sitgoahel 


; vs y a vy 


- 2 
i} 
; { 
fj 
i 
| ; | 
ie 64 | 
rs | 
wiv 
.~ 
i} 
‘ 
¥ 
f 
i 
yi 
lad 
_ 
a) 
: ye 
-~ at 


a 
: 


Fig. 65. Rb-Sr mineral "isochrons" from amphibole-biotite pairs. 


Numbers refer to analyses in Table 21. 
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of the previously formed minerals. In this case, Rb/Sr whole rock iso- 
chrons would give the earlier age, but the later event would cause loss 
of radiogenic Sr from biotite (relative to the whole rock) and gain of 
radiogenic Sr in amphibole (relative to the whole rock). The effect 

. would be to rotate the tieline around the position of the whole rock, 
which would probably lie close to the present amphibole position, lower- 
ing the slope of the line. This rearrangement occurs because, if re-homo- 
genization and equilibration are not complete, the minerals do not take 
up the new initial ratio of the whole rock at the time of metamorphisn, 
but attain a value between it and the mineral ratio at the time of the 
event. 

The overprint hypothesis is supported by the fact that all tielines 
are not parallel, but, with the exception of T3-12a (4), their pattern 
is systematically arranged with respect to 205-50W. All other pairs are 
"older" than 205-50W. 1T3-12a(4) is conspicuously against the trend and 
cannot be accounted for by experimental error. Further work is being 
done on this sample. The effect of zoning in the amphiboles also fits 
this hypothesis. Those amphiboles which are zoned lie outside the 
clustered group, except for T4-6a(7). Zoning is strongest in samples 
which are enriched in radiogenic Sr, but weakly zoned amphiboles do not 
necessarily have the lowest ratio. The strongly zoned amphiboles are 
enriched in Ca in the rim area, an indication of the possibility that Sr 


may have been incorporated during zoning. If the incorporated Sr is more 


87a_, ;86 ; 
radiogenic than the original, it would serve to raise the “’Sr/~~Sr ratio 


of the amphiboles. 


The second explanation is that, during cooling, or during a subse- 


quent phase of metamorphism, Rb and Sr migrated in and out of the sys- 
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tem with the K and Na rich fluids already known to exist. If a fluid 
with the average isotopic composition of the whole rock was introduced 
into the system, the effect would be the same as that of recrystalliza- 
tion and re-homogenization. If the fluid can react with either biotite 


or amphibole, it will change the 87.¢,./86 


Sr ratio. The result would be 
87 8640 . _ ey are 

to lower the Sr/~ Sr ratio of the biotite (because the biotite would 

be likely to have more radiogenic Sr resulting from higher Rb content) 


and to raise the Shy (POSE ratio of the amphibole. This would lower the 


slope of the line, and thus the "age". The situation is further compli-~ 
cated by the necessary assumption that Rb may be either gained or lost 
during the influx of fluids. If the fluid is high in Rb, it would 
increase the Rb content of both mica and amphibole, resulting in higher 
87 pp, / 86s, ratios and consequent lowering of "age". If the fluid was 
lower in Rb, the opposite would occur. Both elements would presumably 
be present in the fluids and would interact. 

Evidence for the second hypothesis can be found in the distribution 
patterns for the alkalis, and the evidence for open systems with regard 
to alkalis discussed in the last section. 

Neither hypothesis can be proved with the data presently available, 
but from the standpoint of simplicity, the first hypothesis is the more 
 Ahhedivd: The author believes that the second cannot be ignored in 
the light of other evidence available and suggests that both processes 
may be coupled to produce the patterns seen here. 

The bearing of Rb/Sr isotopic "ages" may be discussed with the 
above ideas in mind. It has been suggested by Moorbath (1967), and 
evidence has been presented by Hart (1964) that Sr may behave in a man- 


ner similar to that of Ar in minerals. If this is the case, then a 
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mineral isochron age is the time of cooling to the temperature wherein 
Sr no longer diffuses from the mineral. Supporting evidence for the 
cooling hypothesis comes from the study of mineral ages in the Caledo- 
nides by Dewey and Pankhurst (1970). In view of the pattern of the ages 
of the pairs, and the pattern indicated by K-Ar ages, the present 
author believes that the Rb/Sr mineral ages reflect a metamorphic event 
and not a simple cooling. If cooling were the case, the scatter of 
slopes is surprising. Furthermore, the scatter of K-Ar ages (which is 
outside the error range indicated) is surprising because all. of these 
must have reached the same temperature at the same vines The scatter 
could reflect different closure times with respect to reaction with the 
fluid, however, in which case the ages indicate the end of metasomatic 
processes in the Kootenay Arc. 

Further work needs to be done to decide the answer to these ques- 
tions. Most useful would be systematic Rb/Sr whole-rock isochron stud- 
ies of igneous bodies in the area, as well as whole-rock isochron work 
on the amphibolites within the sedimentary sequences. Whole rock Rb/Sr 
data on sediments are likely to be equivocal, but may be useful if the 
rocks have behaved as closed systems. Comparisons of age patterns 
between igneous rocks, meta-igneous rocks and metasediments might help 


to decide this question. Low-grade slaty rocks which might be suitable 


for K-Ar whole-rock dating outcrop to the north, south and east of the 


Study area. Ages from such rocks may, as suggested by Moorbath (1967), 


give the true metamorphic age. 


In conclusion, it is worthwhile to discuss briefly the implications 


of both trace element and isotopic work with regards equilibration of 


phases present in rocks from Kootenay Point. If the spread of K-Ar ages 
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from metamorphic rocks reflects an event around 50-70 my, then the rocks 
have had a maximum of 40 my to re-equilibrate to the new set of condi- 
tions. The actual time spent at higher temperatures is probably consid- 
erably less than this. If the age distributions result from continuous 
cooling of rocks which reached their thermal peak in the Jurassic, then 
they have had perhaps 100 my to re-equilibrate. In either case, viewed 
from the standpoint of classical concepts of chemical equilibrium in 
rocks and from comparison with experimental work, it is surprising that 
they have not done so. The available evidence suggests that neither 
isotopes, trace elements or major elements closely approached equilib- 
rium except in two or three cases. 

Viewed from the standpoint of irreversible reactions taking place 
in open systems, with mobile and inert components, under conditions 
which change with time and evolution of the complex, the lack of equi- 
librium is not surprising. Presumably, during the progression of a 
metamorphic event, fluid compositions change, fugacities of volatiles 
change and systems become closed (or open) at different times. These 
changes may occur in adjacent rocks (or small rock volumes), leading to 
different assemblages, partition coefficients and isotope values for the 
rocks and minerals in question. This is not to say that the laws of 
thermodynamics are disobeyed, or that the reactions do not proceed 
according to these laws, but that, in a natural system the variability 
of factors of equilibrium is such that actual equilibration is rare. 

In cases where equilibration does occur, the volumes over which it 


Occurs may be small for major, minor and trace elements and for isotopes 


(Anderson, 1967). 
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CHAPTER V 


GENERAL CONCLUSIONS REGARDING THE DEVELOPMENT OF THE KOOTENAY ARC 


This chapter will deal with general conclusions regarding the 
origin of the Kootenay Arc and its place in the pattern of the Cordil- 
lera as a whole. This discussion, in its broader aspects, is of neces- 
sity somewhat speculative due to lack of detailed information of any 
kind for most of the regions to the north and south. 

The Kootenay Arc is anomalous by structural standards. It deviates 
from the normal structural trend established over 2000 km of outcrop, 
from the Yukon south into the United States. Whether or not the Koote- 
nay Arc is a metamorphic anomaly is less certain because detailed stud- 
ies are restricted to small areas in the southern portion of the Cordil- 
lera. This author believes that the Kootenay Are is not an anomalous 
metamorphic feature, and that it fits with the development of the Cor- 
dillera as a whole, both through timing and type of metamorphism. These 
conclusions will be discussed in more detail in the remainder of this 
section, 

Metamorphism in the Kootenay Arc affected all rocks from Precambrian 
to Triassic age. All rocks younger than the Windermere (Horsethief 
Creek Group) are obviously polymetamorphic and have been affected by 
phase I and II folds. Zoned garnets in the Horsethief Creek, as well 
foliations indicate that rocks are also 


as identification of f, and f, 


polymetamorphic and polydeformational. The deformation and polymeta- 
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morphic character of the Milford Group rocks are readily recognizable, 
contradicting the conclusions of Read (1973). 

Precambrian through Devonian and possibly Mississippian sedimenta- 
tion is believed to represent shelf-slope-rise conditions with-a source 
area to the east, represented by the craton (Gabrielse, 1972; Monger et 
al., 1972). The accumulation of sedimentary material is estimated at 
11,500 meters by Monger et al. (1972). Sometime during the Proterozoic, 
rifting occurred parallel to the craton margin, a rift apparently the 
length of the entire North American cordillera (Burchfiel and Davis, 1972; 
Monger et al., 1972). This rift is postulated to place an unrecorded 
mass of continental crust to the west, and no evidence of such a body may 
be found in the sedimentary record. It is during this period that the 
main sedimentary units found in the central Kootenay Arc were deposited. 
The sediments indicate variations in character of the source area and 
type of sedimentation, generally going from eugeosynclinal (Windermere) 
to miogeosynclinal (Cambrian~Devonian-Carboniferous) and back to eugeo- 
synclinal from Permian to middle Jurassic. This is a simplified sequence, 
but would generally hold for the entire Kootenay Arc (Yates, 1973). 

Yates (1973) considers that the Kootenay Arc derived its shape at this 
time, and that the sedimentary record does not indicate a plate junction 
during the entire history of deposition. 

The Be enue dias tigen boundary marks the first appearance of 
west-derived sediments in the Canadian and United States cordillera 
(Monger ét al., 1972; Burchfiel and Davis, 1972). Areas indicating 


westward souces are found in the northern Canadian cordillera and the 


southern cordillera of the United States. The presence of sediments 


with sources to the west indicates a land body to the west in Devonian 
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or Mississippian times. This body may be continuous over the entire 
length of the North American Craton, but its existence is mainly specu- 
lative. 

Most authors writing on the Cordillera agree that a major metamor- 
phic-plutonic and deformational event occurred during late Triassic or 
early Jurassic time (Monger ét al., 1972; Wheeler et al., 1972; Burch- 
fiel and Davis, 1972; Coney, 1972). This event affects the entire North 
American Cordillera, It is during the Triassic-Jurassic period of dis- 
turbance that the Canadian Cordillera acquires its basic shape and tec- 
tonic elements, and the general form of the Cordillera of the United 
States is achieved by the end of this period. The Omineca crystalline 
belt, of which the Kootenay Arc is a part, is at least partly constructed 
during this time, based on K~Ar ages from various plutonic bodies. (See 
Monger et_al., 1972 and Wheeler et al., 1972 for discussion.) The basic 
form of the Omineca crystalline belt is one of a paired metamorphic 
belt described by Miyashiro (1972). The Hinterland fold belt is bounded 
to the east by high-grade metamorphic rocks of the Shuswap and Wolverine 
complexes. This configuration has led Monger et al. (1972) to propose 
a subduction zone lying beneath the Hinterland belt during Triassic and 
Jurassic time. There are a number of problems with this interpretation 
when analyzed on a smaller scale. First, and perhaps most important, is 
that the timing of the Hinterland belt blueschists and the Shuswap ter- 
rain is different. The blueschists are interpreted as Triassic on strat- 
graphic grounds, but two dates of 165 and 129 my have been obtained for 
crossite bearing schists from the Dease Lake map area, placing it as 


Jurassic-Cretaceous (Monger and Hutchinson, 1971). Considerable discus- 


sion of a single small intrusive pluton in the Shuswap metamorphic com- 


any © 
aR, } : y ™ , -_ he 
7h hil 4 ; : et 


2 ER AE FONE pabersduri: ae bal dot a tik 


a * 


wpneegs ethan 2t aon law aaa aunt: rote) co inh ; 3 


E 4 
i ek , i aa Ay ieee Taian 
a i . bi ' a ‘te ] = ae tg a a N wv + ae it Ce, 
k . . * > x < ‘ y, | i 


~~suxyom telnu se Jat} i eal inladil ao gabe bows 
vo shovedty?. 400 eRheoh Peres ees: tarp hoted | 
fis sists SVE *, if R524 setooth: -fOe , “ie pageant. mets: s 


sor04 sybian wit 346 tte seve healt : , SFO. — sven 


Aa satceitaaah dnt ois sginbteh e ak. 


2h ko - barTES Si 


33 bos eves oteed o32. eemae pes eee sethenad add : 2 
Lovee? gift: ste lhaheted eed eae Lerereg ail?: ree o 

| iiinaeayiw soak wey. ove aby Be basinal speaclbe - 

bsvnrr sendy, RBM 2 moet: oy et ee & pi ora canada « 
sot)  wdibid sbriodakg aor’ mg age To a beekd. 5 


ced kk { , SS RR SuBE #6 wor stat eB: a moaned bam SNOK 


_ okdiyuemessay bering ade. ene” ah shed pakiiaaays mf 0 
anal at gisd tho? tetghesoett a deck otbiesytt ai 
smtasvioW ben apaweusde: ‘aight: ae aanes obi 08 obergestgitl “a 

cwaveq oo, (20) ikige seme bot au | eo iad i 


a" a 


bra stewake? gatiuh ofe@ bnasaostt aha apeaed gatel emo me, L331 
i a 
not res acy wettest ‘whit . rere ama dont a: xodaut wan je 


$0213 no otenadyT 7 2 heaaqnbant eas satan at 


4 


he yot, bontsddo aed evad ree pci bia a 
U Pky 
i 


; ep oF saiabie 978 va aa 


aged sldstebizned: oe ' | i 


ifs a : ; 
1 oy ead isle ome s0m comet a 


hon | 


246 


plex yielding an age of 143 my has been generated, and this age is often 
cited as a closing date for Shuswap metamorphism (Monger and Hutchinson, 
nosis Monger et al., 1972; Wheeler et al., 1972). Examination of the 
isotopic age map of Canada (Douglas, 1970) reveals several metamorphic 
and plutonic dates of about 50 MY for the complex, and cobbles of 
presumed Shuswap material are found in Eocene sediments to the south 
and west in the Bonaparte Lake map area (Campbell and Tipper, 1971). 

In the light of this evidence, it appears that Cretaceous-Jurassic ages 
for the Shuswap are not established. Burchfiel and Davis (1972) consi- 
der Shushwap type infrastructure to be related to independent thermal 
events in the backarc region, but, using this hypothesis, the implica- 
tion is for interrupted subduction between Triassic-Jurassic and late 
Cretaceous-early Tertiary times. 

There is considerable evidence, then, of a Triassic-Jurassic event, 
and this event moves material of island affinity eastward. I would sug- 
gest that this eastward movement of material marks the initial develop- 
ment of the structure of the Kootenay Arc, as the Paleozoic and Mesozoic 
sediments are trapped between the Purcell anticlinorium and the oncoming 
proto-Arc which represents the Omineca Crystalline belt. Some metamor- 
phism may have occurred at this time, but its extent and grade is not 


known. There are indications within and to the north of the study areas 


of Jurassic-Cretaceous metamorphism. Read (1973) reports deformation of 


the Kuskanax Batholith, which dates at 178 my by K-Ar (from the "unde- 


formed" core). The Nelson batholith is complex and obviously composite. 


Ages range from Jurassic to late Cretaceous, but it is deformed inten- 


sively at the margins. The “thermal aureole" reported by Fyles (1967) 


May not exist, thus deformation may be post-intrusion. The Crawford 
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Bay stock, White Creek Batholith and smaller batholiths from the Creston 
area give ages from 100 my to approximately 50 my. 

Major reorganizations of the Cordillera in the United States are 
said to take place between 90-80 my and between 50-40 my (Coney, 1972). 
Major plutons comprising the Sierra Nevada plutonic complex range in 
age from 210 my to 80 my, with ages of the Peninsular batholith from 120- 
80 my (Coney, 1972). These ages fit well with ages from the Canadian 
Cordillera and from the region surrounding the Kootenay Arc. Another 
series of dates from about 50 my occurs throughout the United States and 
Canadian Cordillera, and I propose that these ages reveal a real meta- 
morphic event which involves the entire North American Cordillera and 
correlates with the end of the Laramide orogenic period (Coney, 1972). 
The metamorphism responsible for the major mineral assemblages present in 
the higher grade portions of the central Kootenay Arc occurs during the 
Laramide pulse, but it may overprint earlier metamorphic events. The 
ages in the Kootenay Arc can not be interpreted as simple cooling ages, 
but a major remixing of isotopes caused by elevated temperatures during 
widespread regional metamorphism, The primary evidence for this inter- 
pretation is as scanty at present as that for Jurassic metamorphism. It 
lies in the interpretation of the Rb-Sr mineral isochrons from Kootenay 
Point, and several muscovite and biotite dates from surrounding regional 
metamorphic rocks and smaller plutonic bodies: It lies as well in the 
assumption that a major event affecting the Cordillera in the United 
States must also affect the Canadian Cordillera and leads to the assump- 
tion that the two are linked to a single cause. 

Deformation must outlast metamorphism in the Kootenay Arc, as cata- 


clasis without later recrystallization is evident in all smaller igneous 
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bodies studied and in some of the metamorphic rocks, Furthermore, evi- 

dence for pervasive retrogression exists in all areas of the central are 
studied. I would suggest that this retrogression occurs during falling 

temperatures and uplift of the rocks in the central Kootenay Arc. 

The major metamorphism takes place under conditions of moderate to 
low thermal gradient and high pressure as the material is compressed and 
forced down during compression from the eastward migrating Omineca crys- 
talline complex. There is no real evidence for a subduction zone in the 
region of the Kootenay Arc, although Coney (1972) postulates overriding 
of entrained subduction zones to be responsible for both the Savier-Colum- 
bian Orogeny and the later Laramide pulse. Monger et al. (1972) have 
proposed subduction zones, sometimes double, during Jurassic to Oligo- 
cene time, migrating progressively westward with time. 

It is suspected that the Kootenay Arc behaves as a backarce downwarp 
of varying mobility from Triassic to at least Eocene times, whereupon it 
is uplifted as part of the Omineca crystalline complex. The Kootenay 
Arc is separated from the high-grade metamorphic rocks of the Shuswap 
metamorphic complex. by:mylonite zones which may extend the entire length 
of the Arc. The mylonites have been previously interpreted (Reesor and 
Moore, 1971) as due to gravity sliding, but they could be a major tec- 
tonic boundary between the Kootenay Arc and associated older complexes 
and the Shuswap metamorphic complex, marking a zone of differential 
uplift Bee den tlie two tectonic and metamorphic regions. The pressures 
indicated for both Kootenay Arc metamorphism and Shuswap metamorphism 
necessitate more than 20 km of uplift between the end of metamorphism 


and the present. 


It is hoped that this study has solved some of the complex problems 
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which exist in the central Kootenay Arc, and perhaps more importantly, 
has indicated directions for further research. It is clear that the 
metamorphic and structural evolution of the Kootenay Arc is more complex 
than given here. A detailed geochronological study should be undertaken 
on metamorphic rocks from the Kootenay Are to elucidate timing of meta- 
morphism, while at the same time detailed petrological studies on the 
Nelson and Kuskanax "batholiths" should be undertaken. Further work on 
metamorphic rocks in the region of the isograds mapped during the course 


of this work should also be undertaken. 
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APPENDIX 1 

ELECTRON PROBE MICROANALYSIS 

All minerals were analyzed using an ARL-EMX microprobe equipped 
with light element facilities. The following general philosophy was 
adhered to throughout the two year period during which the analyses 
were Pads Pipa, standards were chosen for their structural and chemi- 
cal similarity to the unknown in order to minimize the possibility of 
wavelength shift caused by valence change and differences in coordina- 
tion. Thus, to the farthest extent possible, amphiboles were used as 
major element standards for amphiboles, micas for biotite and muscovite, 
feldspars for feldspar. Where standards were unreliable for certain 
elements, these elements were done using a standard dissimilar structur- 
ally, but with a concentration in the desired element which was close to 
the estimated concentration in the sample. An example would be Ti in 
the amphibole standard EPS 21-1. Because Ti in this standard is unreli- 
able, Ti in EPS 12-1, a biotite, was used. Standards which had been ana- 
lyzed by reputable analysts and used by a number of persons in the micro- 
probe laboratory at the University of Alberta were used. Several of the 
standards were checked by Ramsay (1973) and Frisch (pers. comm.), as 
well as by the present author. 

Secondly, when doing an analysis, sufficient counts were taken on 


Standard and unknown to keep counting statistics reliable at the 99% 


confidence level. Runs were made using a 20 second count time at an 


accelerating potential of 15 kv and a beam current of 0.1 microamp 


(approximately 0.01 microamp specimen current). Those numbers 


go 
(<] 


that did not fit the criteria of homogeneity at the 99% confidence 
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devel were discarded, and further counts were taken, 


Electron microprobe analyses nay be corrected in a number of ways, 
but only two methods are used generally. One method (Smith, 1965) uses 
correction curves derived from a suite of standards of the same mineral 
as the unknown. This method demands a large number of standards, but 
is claimed to eliminate errors caused by poor standards and differences 
between standard and unknown. Another method, used by Sweatman and 
Long (1969) uses simple oxides as standards and corrects the raw results 
for atomic number, fluorescence and absorption. The method of Bence and 
Albee (1968), a development of the method of Ziebold and Ogilvie (1963, 
1964, 1966), is widely used and is a compromise between the two, wherein 
a number of oxide and carefully selected mineral standards are used, 
empirical coefficients are derived and corrections applied for a specific 
takeoff angle and accelerating potential. 

The method used by this laboratory uses a full library of standards 
and makes corrections for atomic number, fluorescence and absorption. 
These corrections are done by computer using the program PROBEDATA 
(Smith and Tomlinson, 1970) and the FORTRAN program EMPADR VII (Ruck- 
lidge and Gasparrini, 1969). 

The mineral standard method is critically dependent on the relia- 
bility of the standard. Sweatman and Long (1969) believe that using a 
mineral standard, specially a complex mineral standard, can cause 
errors if only one analysis of the standard is done. Standards must 
be checked and applied carefully if this method is to succeed in produc- 
ing reliable results. Utilizing oxide or simple mineral standards may 
lead to difficulties as well, because matrix corrections may be large 


and significant uncertainties remain in the correction formulae. Dif- 
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ferences in bonding and coordination between elements in standard and 
sample may lead to wavelength shift; giving false intensity readings 
and introducing error. For this reason, standards were chosen which 
were of the same mineral type in as many cases as possible, With the 
proper choice of counting statistics and choice of standards, the maxi- 
mum error will be that introduced by the errors in the standard analysis. 
(See Table A-1 for the standards used in this study.) | 

Of the standards used, EPS 12-1, 12-2, 21-1 and WS-1 have been 
evaluated by repeated analyses done in this laboratory. Results of com- 
parisons on EPS 12-1, 12-2 and WS-1 may be found in Ramsay (1973). This 
author has done repetitive analyses on EPS 12-1, 12-2, and 21-1. Results 
for 12-1 and 12-2 agree with those of Ramsay; EPS 21-1 has been analyzed 
against EPS 21-2. These results indicate that the observed errors 
between two separate analyses are in most cases within the minimum 
statistical error to be expected at the 99% confidence level for the 
total counts recorded. 

Tables A-3 and A-4 give the standards used for each element analyzed 
in each mineral from the regional metamorphic rocks and rocks from Koote- 


nay Point respectively. It is immediately evident that a certain amount 


of deviation from the criteria listed earlier was necessary, especially 


for the regional rocks. Certain standards, like EPM-83 for feldspar, 


contain no Ti or Mg, or insufficient Ca for accurate determination. 


Therefore, another standard (WS-1) was substituted. For Al, which is 


not as reliable in the amphibole standards, EPM-83 or EPS 6-3 was sub- 


stituted. This less than desirable substitution was made because of 
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TABLE A-2.. REPEAT ANALYSES OF EPS 21-1, USING EPS 21-2 AS A STANDARD 


feoe2i-l Run 1, Run 2, Difference Run 3, Difference (4(14+2)~3) 
percent percent 1-2 wet chem.* 

Si Pilewbie 2 Ll. Opn -.079 2A 2g] 1298 
ig 0 20L =, 010 QO ee 002 
Al 8.776 8.695 +, O64 9.886 Loe 
Fe 20049 26042 +.003 Dad 2s aH) 
Mn 028 029 -.001 047 018 
Mg 203745 10.392 is Oo Tees) 690 
Ca 7.874 7.933 -.059 8.734 .830 
Na 7 a aTEY| -.006 883 . 109 
K 094 JOO" -.003 pi Be) FOS, 
Cl 5039 039 0 0) 


Run 3 is the wet chemical analysis of amphibole No. 67 in Rucklidge 
et al. (1971); the microprobe analyses on this amphibole by Rucklidge 


et al. (1971) confirm many of the differences between the wet chemi- 
cal and microprobe determinations shown here. 


*Wet chemical analysis by Ingamelis. 


2 


8 


-pniensiiiiintidiaie oh | 


ce 


ey pee park a ie 
hE={S48)2) somerarnd Aa. 
nod ine F 


ee oe Ape 
A Peel i) 
ORE f | a 
aps. Se 
ALO. | aes 
O#d See 
tee . REN 
on Js) ea 
a Reo. lon ~ Gb, 
G 


sab biatout nk FO .d¥ ebodiiqas lin nbn 


amphy* 2 iran YA gLoy Pigs atagy ae &8 aa 
ters Poy si Aero ‘aul 2 Se a Se ter ol : 
. 508, nade. Lai idan 


pl homgegal. set stants 


Element 


Sa 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
Na 


Element 


oi 
aL 
Al 
Fe 
Mn 


STANDARDS USED IN ELECTRON MICROPROBE ANALYSES 


Muscovite 


WS-1 
WS-1 
EPM 83 
WS-1 

EPS 7-10 
WS-1 
EPS 6 
EPS 6 
EPM 8 
EPS 2 
EPS 21-2 
EPS 11-3 


STANDARDS USED 


Carbonate 


WS-1 
WS-1 

EPS 6-3 
WS-1 

EPS 7-10 
WS-1 
WS-1 

EPS 6=3 
WS-1 


TABLE A~3 
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OF REGIONAL METAMORPHIC MINERALS 

Biotite Amphibole Plagioclase K-Feldspar 
WS-1 WS-1 WS-1 WS-1 

WS-1 WS-1 WS-1 WS-1 

EPM 83 EPS 6-3 EPS 6-3 EPM 83 

WS-1 WS-1 WS-1 WS--1 

EPS 7=10 EPS 7-10 EPS 7-10 EPS 7-10 

WS-1 WS-1 WS-1 WS-1 

EPS 6-3 WS-1 EPS 6-3 EPS 6-3 

EPS 6-3 EPS 6-3 EPS 6-3 EPS 6-3 

EPM 83 WS-1 WS-1 EPM 83 

EPS Zie2sen EPS 21-2 - ~ 

EPS 21-2 EPS 21-2 - - 

EPS. AM=322 EPS 11-3 - - 

IN ELECTRON MICROPROBE ANALYSES 
OF REGIONAL METAMORPHIC MINERALS 

Garnet Sphene Epidote Diopside Chlorite 

WS-1 WS-1 WS-1 WS-1 WS-~-1 

WS-1 WS-1 WS-L1 WS-1 WS-1 

EPS 6-3 EPS 6-3 EPS 6-3 )PEPS)6-3 EP 117-83 

WS-1 WS-1 WS-1 WS-1 WS-1 

EPS 7-10 EPS 7-10 EPS 7-10 EPS 7-10 EPS 7-10 

WS-1 WS-1 WS-1 WS-1 WS-1 

EPS 6-3 EPS 6-3 EPS 6-3 EPS 6-3 EPS 6-3 
EFS 6-3 EPS 6-3 EPS 6-3 EPS 6-3 EPS 6-3 

WS-1 WS-1 WS-1 WS-1 EPM 83 
al - - - EPS 21-2 
a = - ~ EPS 21-2 
= ~ = a EPS 11-3 
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TABLE A-4 


STANDARDS USED IN ELECTRON MICROPROBE ANALYSES 


Element Biotite 


Si 


ine 


Al 


Fe 


EPS 


EPS 


EPS 


EPS 


12-2 


12-2 


12-2 


12-2 


12-1, 
12-9 
7-10 
a0 


21-1 


12-2 


Hornblende 


EPS 21-1, 
WS-1 
EPS 12-2, 
Pes t2-]. 
WS-1 
Bus eke), 
EPS 12-2, 
WS-1 
ape 21-1. 
Bes 1222, 
WS-1 
EPS 12-1 
EPS 7-10 


EPS 21-1 
WS-1 
EPS 21-1 
WS-1 
EPS 21-1 
EPS 12-2 
WS-1 
EPS 12=2 


EPS 12-1 


EPS 12-2 


OF MINERALS FROM KOOTENAY POINT 


Plagioclase 


EPS 6-3 


EPM 83 


K~-Feldspar 


Diopside 


CPX-4 
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TABLE A-4 CONTINUED 


Element Epidote 


oi 


jie 


Al 


Fe 


Mn 


Me 


Ca 


Na 


K 


Cl 


F 


Cr 


12-1 


12-1 


12-1 


12-1 


12-1 


12-3 


12-2 


Scapolite Carbonate, Calcite, 


Magnesite 
FSP=5 ui 
FSP-4 eas 
ag EPS 12-6 
= EPS 12-6 
FSP-4 EPS 23-11 
FSP=-5 - 
FSP-5 = 
EPS 12-1 nt 
EPS 12-1 “= 
EPS 22-7 a 
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two biotite standards EPS 12-1 and 12-2 were destroyed by repolishing 
before the regional work was done. The effects of Al in two coordina- 
tions (in biotite and hornblende, and to some extent in pyroxene and 
epidote) are not completely known, but the differences between similar 
minerals from the region and the Point are small. Where different 
mineral standards were used, an attempt was made to use a standard with 
a higher concentration of the desired element to reduce multiplication 
of errors. This method worked in all cases except for Ti in sphene and 
Ca and Mg in the carbonates. The most serious complication involves 
the determination of Ca in the regional carbonates. For these, the 
Kakanui Kaersutite (WS-1) was used as a standard, resulting in a multi- 
plication factor of 5 between standard and sample concentrations. 

Table A-5 reports the general error ranges, in percent of the total 
present, for all elements analyzed in all minerals from the Point and 
the region, Where evaluation of the standard was not made (beyond that 
given in the laboratory), the error quoted is the statistical counting 
error at the 99% confidence level. This is done realizing that other 
errors are present, as discussed by Sweatman and Long (1969) Errors. in 
the major elements usually are less than 3% of the total present and for 
minor and trace elements, generally less than 5%. Errors in a few early 


analyses in the course of this work may be uptto 10% of the total present 


for some elements. 


WHOLE ROCK ANALYSES 


Rock analyses were carried out by two different methods. XRF anal- 


yses were made on about 90 rocks from the Point through the courtesy of Dr. 


J. G. Holland of Durham University. Rocks from the Kootenay region were 
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TABLE A-5, GENERAL ANALYTICAL ERROR RANGES 


IN THE MICROPROBE MINERAL ANALYSES* 


Percent Relative Error (Maximum Ranges) 


Element Minerals from Regional Minerals from Kootenay Point 


Metamorphic Rocks 


Si £0.8 02555429 
Ti eS 15g 
Al 0822.0 0.9=10 
Fe 2.6 2.6~3.4 
Mn 7 7 

Mg UeoL As I-06 9 
Ca On 0.1-9 
Na N.D. 17-30 
K <0;8=1.1 09-1, 1 
C1 225 vi, 

F On eS 

Ba 2.5-7 ey, 
Cr 2.5-7 2.5-7 

S 2.5-7 2.5-7 


*Note, lower limits in some cases below statistical counting error. 
Where errors in standards cannot be estimated (through cross~analysis) 
statistical counting errors are chosen. An accurate analysis of the 
precision of the microprobe results cannot be made using the data 
available. The statistical counting errors were evaluated from 
numbers of counts on samples, but such errors must also be evaluated 
for counts on standard, as well as for background on both sample and 
standard. Other analytical errors also contribute to the total error. 
The results shown on this table are only a rough guide. 
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analyzed using a modification of the method of Friedman (1960). 

Samples from the Point were treated in the following manner: a 
5 cm square block sample was cut from the hand specimen. Care was taken 
to cut away all weathered material, From this block, one or two thin 
sections were cut, usually at a diagonal or parallel and perpendicular 
to foliation. These sections were polished for microprobe work. The 
block was then crushed using a jaw crusher. A large porcelain mortar 
was then used for further reduction. Care was taken at this stage to 
avoid grinding, since contamination could result. Specimens were 
pounded to break them into sufficiently small size to go into the swing- 
mill. The specimen was reduced to a fine powder in a rotary swingmill 
using tungsten carbide heads to minimize contamination. The mill was 
thoroughly cleaned between each specimen. 

The powder was ground, homogenized by successive mixing and ali- 
quots taken for mineral separation and for chemical analysis. Care was 
taken to assure thorough mixing before taking any aliquot. About 5 
ounces of material were taken for XRF analysis. Four samples, chosen 
as representatives of the rock types on the Point, were taken as ali- 
quots from the material separated for XRF analyses. These four samples 
were used as standards and were analyzed (wet chemically) by A. Stelmach 
of the Department of Geology. These analyses, with their corresponding 
XRF analyses are given in Table A-6. 

Comparison of standards done by wet chemistry and the XRF analyses 


do not show good agreement. The average error encountered for major 


elements is about 15% of the total present. The worst major elements 
are Na, Mg and Al, others show error of about 10% of the total present. 


For the most part, the errors are not systematic; elements Si, Ti, Al, 
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Ca, Na and a5 °8 may be substantially above or below the wet chemical 
value. In general Tl-1 and T1-9 give the best analyses, T4-8 is not 
as bad, and T1l-5, a quartz syenite, gives the worst analysis. T1-1l 

is a calc-silicate, T1-9 and T4-8 are “amphibolites". 

The analyses were carried out using a Phillips 12-12 X-ray fluo- 
rescence spectrometer equipped with automatic sample loader and tape 
printout. The analyses are compared to a set of curves generated by 
using a suite of about 20 standards and corrected to these curves by 
linear regression equation. Errors occur if the samples fall outside 
the range of calibration of the standards. However, all the standard 
samples chosen are within the ranges of the XRF standards used. Another 
source of error is inhomogeneity in the sample, resulting in a differ- 
ence between the portion analyzed by wet chemistry and that by XRF, 

This seems unlikely in the light of care taken to assure homogeneity, 

If the entire sample was not used for the pellet, and care was not 
taken to homogenize the sample, an unrepresentative sample would result. 
Inhomogeneities also result if pressed pellets are used, since biotite 
or muscovite may align in layers giving bias in the results. The fact 


that K, Mg and Fe (the essential elements in biotite) are uniformly 


high suggests this possibility.. Other errors may evolve from improper 


peak setting, wavelength shift, instrument instability and the type 
of correction used. The correction program itself is simplified in 


such a manner that samples falling near the extreme values of the 


Standards might be biased. The author does not have data on operating 


conditions during the run, so no evaluation is possible. 


Rocks from the region were analyzed using a modification of the 
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method of Friedman (1960). Modes were obtained from thin sections using 
1200 counts on each section. Where sections parallel and perpendicular 
to foliation were cut, the two were combined to obtain the mode used 
for calculation. Mineral densities were obtained from Deer, Howie and 
Zussman (1966) for minerals closest in composition to those in the sam- 
ple. The modal percentage was corrected to weight percentage using the 
density figures. Electron probe analyses for minerals present in the 
rock were used in the calculation, as most of the silicate phases had 
been analyzed. Those minerals not analyzed (usually a carbonate or a 
plagioclase) but present were classified optically, and the analysis 
corresponding most closely to the optical determination used. In the 
case of biotite or hornblende, a mineral from a rock of similar compo- 
sition and grade was used for the calculation. T4-8 was used as a stan- 
dard and the calculation carried through. Table A-/ presents the 
results as well as the percentage difference from the amount present as 
determined by wet chemistry. The agreement is quite reasonable for all 
major elements except Na and K, Errors in K possibly result from the 
problem of the orientation of biotite, but may also result from the 
problem of detecting untwinned plagioclase or K-feldspar when quartz is 
present. The low total for Si0,, heavily dependent on quartz, supports 
Misidentification of soda plagioclase would result in 


this suggestion. 


higher Na and lower Si. The average relative error for major elements 


is about 5%, with larger relative errors for Ti0, and MnO. The errors 


involved are naturally dependent on errors in the microprobe analyses, 


as well as those due to errors in the mode. Another possible source of 


error is that of obtaining an unrepresentative thin section from an 


inhomogeneous rock. This source of error would affect percentages of 
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TABLE A-7, ROCK COMPOSITION BY MODAL ANALYSIS, 
AFTER THE METHOD OF FRIEDMAN (1960) 


Element Wet Chemical Analysis Modal Analysis % Difference of 


T4-8 T4-8 Amount Present 

Si0, 48,20 45.99 4,59 
TiO 1.98 2,10 6.06 
Al503 13073 14.48 5.46 
Fed NZD Ts b2.27 HBP 
MnO ody t21 2303 
MgO 6.70 6.24 6.87 
CaO 427503 Leys 27338 
Na,0 1365 1.85 pA De 
K90 . 86 42 65712 
BaO ND tr 

Cl ND | i 

F ND .06 

H,0 1.84 oi 9 85. 86 
Total 99.29 99.81 


elements when comparing a bulk analysis against an analysis calculated 
from the mode. This type of error is not considered to be a problem 
here, since the size of the chemical system dealt with when discussing 
the results of the mineral analyses is smaller than that of the thin 
section used. The differences between wet chemical analysis and calcu- 
lated composition do not exceed, in most cases, the statistical error 
that could be introduced in the point counting. This latter error will 
be simply related to the total number of points counted for each 


mineral, 
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APPENDIX 2 


TRACE ELEMENT AND ISOTOPIC ANALYSIS 


pyercetermination of Co, Cu, Zn, Cr, Mn, La, Ni, Gas’ Ba, Rb 
and Sr, K and Ar is described in this appendix. 

Separation procedures follow the crushing of the samples (refer to 
Appendix 1 for details). Mineral separations were done using the Franz 
Isodynamic Separator followed by gravity separation using heavy liquids 
(tetrabromoethane and methylene iodide). Repeated runs through the 
separator and heavy liquids were made until sample purity was 99.5% 
(based on grain counts under the binocular microscope). The main 
contaminants at the 0.5% level were either biotite or hornblende (visi- 


ble), but sometimes small amounts of epidote appeared. 


K-Rb procedure 

The procedure for determining potassium and rubidium differs some- 
what from the normal single-spike procedure, K was determined by iso- 
tope dilution along with Rb by K-Rb double spiking. A 40g sample 
was weighed into a teflon beaker which had been soaked in 1:1 hot con- 
centrated HNO, and thoroughly rinsed with demineralized water. Five ml 
of Aristar HF, 2 ml of distilled 50% HNO, and about 204 g Rb 87 spike 
were added to the sample. This solution was allowed to evaporate to dry- 


ness and to bake gently for a short period of time, whereupon 1 ml 50% 


HNO, (distilled) was added and the process repeated, The residue was 


3 


then taken up in 2 ml 50% distilled HNO, and 10 ml double-distilled 


H.0. The solution was carefully stirred and allowed to cool to room 
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temperature. An aliquot was taken from the 7 12 ml of solution, and 
approximately 0.7 cc of Kal spike solution added. The aliquot weight 
was known, allowing the exact amount of K4l spike solution to be deter- 
mined by difference. This solution, now spiked for both K and Rb, was 


run on the mass spectrometer, 


Sr procedure 
The isotope dilution procedure for extraction and determination of 


Sr is the same as that used by R. K. O'Nions (1969). 


Ba procedure 
Barium was determined by isotope dilution. Originally, the combined 
analysis of barium with strontium was attempted by double-spiking, as 


with K and Rb, but the method failed. Barium was determined alone using 


the following procedure: 

A sample weighing about 0.01 g was spiked with Bal3/ (81.9% 
enriched). The sample plus spike solution was allowed to evaporate to 
dryness, whereupon 3 ml HF (Aristar) and 3 ml 1:1 HNO3 were added. The 


solution was again allowed to evaporate to dryness, and 0.5 cc HNO. (1:1) 


- 


added. After the final evaporation, the residue -was taken up in 1 ml 
ie HNO, and transferred to a centrifuge tube. A few drops of H»SO, 
(1:1) were added to precipitate barium sulfate. The precipitation often 
took several hours, especially in the case of amphibole samples where Ba 


is present in small amounts. Centrifuging aided in bringing down the 


precipitate. After concentrating the BaSOQ, precipitate, the supernate 


was decanted and the precipitate washed with double-distilled H,0 + HNO. 


The precipitate was then taken up in a very small amount of water and 


loaded directly on to @ Ta filament for the mass spectrometer run. 


siigtow peepee ot) cliabiie i ! 
ee ee cov dah os baat eo a0 
48 ben 2 fited sod Dedige wee cotaysin at 


Low . 


nt ad ed 
- 7 te al 
~*~ 
* i “ 
% ~ "ae : 
' 


pouty, fata oe) viniws y Som sibbenoty & 


te of Iau eee 
: (eine ) sense Oe) eh ed ae sads 
cUAehanime eS BRE | 
= : Ys ; 7 ? Moen | el 3 : 
beatdann add Ut hea ree. | quite Bh wae xo benlexe38y ay, 
. : isan 


bhi si gata haty vot snette shee mere 


winthye-shdie. ye 
a 


oinife Heuiherisdeb eae su So fiat boise ‘ta ing : 


i we rk 


iu 


sours) } thie Hades, ‘Grtide iu Y 20.0 $08, 

13 sautoqave 01 bpeghhs aw ailaion ‘eae suty aba 
oat | ch eal ae Ou tvs um tw Cedeeon ink 
ae ; Hin ae eee tite: eae id oseroquve or 
| nih Ay Hada eee aula ae joatsbioqve lhl 
sOAedl, Tp Beeb eek mM sida agudhsanas 5 CT ; 7 3 
aet3d adda) oot ants) Lose tuet mibind 20abgtoorg 08.2 
ad, sat gg haiilats preittenet. rn ama a vhiatneqae 48 
vl ana pba siguuaaaiee  Sarmams: 

. ‘ehengeqiie ‘ott: sinter ok ; = SE 
“OME. + OLE F ca sania ie wad 


En. IAB 16. shove 


= ner - T93 ot aiiaxsaue ae: 


ify , : . - 


Argon procedure 


Argons were run by G. Bonnet of the University of Alberta on 0.5- 
1 gm samples of coarse biotite separated for this purpose, The method 
is described by O'Nions (1969), 

Ba, Sr, Rb and K were run on a 6" solid source mass spectrometer 
utilizing rapid peak switching and digital output. The instrument was 
built by Dr. G. L. Cumming of the Physics Department of the University 


of Alberta. 


Errors: Maximum errors for determinations in the University of Alberta 
isotope geology laboratories are: Ba +1%, Rb +2%, K 42%, Ar +2% 
(Baadsgaard, pers. comm.). Laboratory errors for normal Sr are +1% for 


amounts greater than 30 ppm, and up to 10% for amounts of iess than 3 - 


87 87% 7¢,.87N 


ppm. Error in determination of Sr’ is +14 at. Repeat Sr 


analyses done on clean biotite samples from the area do not show Sr 
accuracies that are as good as expected from repeats on laboratory stan- 
dards, since sx is very low. Errors of up co 10% in total Sr are 


oy =. 00 ase : 
encountered, but the error in the Sr /Sr ratio is considerably less 


P P 87% 
because of the high proportion of Sr. 


Co, Cu, Zn, Cr, Mn, Li, Ga, Ni separation and determination 
Ga and Ni were determined by colorimetry, following the extraction 


procedure to be described. All other elements were determined by atomic 


absorption. Initial amounts of trace elements were estimated from pub- 


lished analyses of biotite and hornblende. From the estimates, an opti- 


mum sample size was determined, taking into account the availability 


of sample and the amount of concentration required to bring the solution 
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to be measured into the range of sensitivity of the instrument. A 


sample, usuaily 2-3 g, was chosen as optimum. The extraction 
procedure is that of Sandell (1959), while the furildioxeme procedure 
is that of Bodart (1969). Atomic absorption was used for measurement 
of the other elements. See Fig. A2-1 for detailed procedure. 

International USGS reference samples G-1 and W--l were run as a 
check on the accuracy of the determinations. The analytical data, along 
with ranges and accepted values are presented in Table A2-1. It is 
immediately obvious from examination of the values for the two standards 
that the G-l analyses are anomalous. This standard has been circulated 
among several persons during the period of its residence in the labora- 
tories of the University of Alberta (Baadsgaard, pers. comm.). It is 
also part of the early set of G-l separates, which were not ground as 
finely as later batches (Fleischer, 1969). It appears, from comparison 
with the analyses for W-1, that G-1 has been contaminated or is ~ 
longer representative of the average because of successive fractiona- 
tion due to poor aliquot technique. For these reasons, it is not used 
in the error estimation for the work presented here. 

Examination of the values for W-1 indicates that some elements check 
more closely than others, so error must be estimated separately. Gallium 
would appear to have only the nominal error in the method, or about 
+2% (relative). Lithium, using the average value, gives the relative 


difference of +30%, Crt7%, Cutl%, Cot50%, 2nt15z, Mn+23% and Nit432. 


These must he considered maximum possible errors, the mean deviation 


being considerably less. Precision is about +2% for all elements 


determined, and these are the error limits shown on the diagrams. 
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Fig. A2-1. 


Extraction procedure for trace elements from amphiboles and 
biotites. 
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2-3g Sample 


HF + HNO Dissolution, Evaporation 


HCl Dissolution, Evaporation 


y 
[ Residue] 


Dissolve in 6M HCL 


Remaining Metal| < Metal Chlorides Extract with __» [Fe 4+- Gal 
__Chlorides 
WV 


ethyl ether 


Dilute to 100 ml Reduce Fe with 
TiCly and 
Aliquot 15 nl——-————-—> Extract Ga with 


isopropyl ether 


Determination of 
Tir Moby 
atomic absorption 


85 ml aliquot 
Metal Chlorides 


ir 


Add 4g Citric acid Determination of 
adjust pH to 6.5 Ga with Rhodamine B 


Precipitate with HS 
Filter off solution, 


dissolve precipitate 
in HNO, (37) 


> [Ni] Determination of Ni by 


e& furildioxeme 


Ca, Co, Ni, Zn in 
HNO, solution 


Zn 


Determination of Cu, Co, Zn 
by atomic absorption 
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Part of the problem with the use of W-l or G-1l as reference stand~ 
ards is the wide range of values found by analysts from different labo- 
ratories. All elements except Co fall within the ranges found by other 
analysts; thus, only the Co analyses can be suspected as being actually 
incorrect. The others demonstrate the ability of this analyst to 
approximate average or accepted values. In two of the three cases where 
recommended values exist (Ga, Cu, Zn), these analyses are very close to 
the recommended value. The reader may use all values as an approxima- 
tion of maximum relative error, keeping in mind that the largest devia- 


tions occur where average values are quoted. 


K50 in biotite, a note: 

Engel (1972) and Ingamells et al. (1972) have done studies on the 
effect of sampling procedure and contaminants present on K50 determina- 
tions on biotites used for K-Ar dating. Both authors found differences 
involving sampling procedures, and Engel (1972) showed that quite large 
differences could be established between microprobe results and bulk 
determinations of K,0. Table A2-2 gives Kj0 determinations for micro- 
probe results and for isotope dilution. The results show that up to 2% 
absolute. difference between analytical results may be obtained. This dif- 
ference is well outside the error of either analytical mat hod: The 
cause lies in contamination of biotite by intercrystalline chlorite 
which is too fine to be removed by grinding even to the limits defined 
Chlorite can be seen in some grains in thin section, but 


in this work. 


on the whole they appear remarkably fresh. Using the differences found 


for this work, biotite analyses could be corrected for trace elements 


if values for chlorite were available. 
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TABLE A2-2. COMPARISON OF KoO IN BIOTITE ANALYZED BY 


Sample 
205-50W 
T4-2 
T1-1 
T3-12a 
T1-9 
198-199-146E 
T2-15 
30-13E 
T4-6a 
T1-8 


240-137E 


ISOTOPE DILUTION AND BY ELECTRON MICROPROBE 


AK 90 (Microprobe) 
9.94 


9.47 


*K 90 (Isotope Dilution) 
9.90 


8.06 


Difference ~ 


-0.04 
ol ea 
“1,35, 
= EP 
“O79 1 
~1595 
-0.68 
ARSE, 
-0.56 
-0.54 


wnt bey 


2.86 
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G-1 


TABLE A2~1. 
Ga ek: Oe 
Accepted 19.6% 22 20 
Value 
Range 15-18 17-25 9-43 8-20 


This 
Study 


Accepted 
Value 


Range 


This 
Study 


16 12 26 


a 


16* 14.5 114 


13=37°°8=15 76- 
148 


16 10 123 


*Recommended (Flanagan, 1973) 


Ranges 


Fleischer (1969) 


Cu 


13* 


a4 


110* 


100- 


140 


ihgh 


Co 


2.4 


or 


10 


Z 


47 


33-54 


24 


ANALYTICAL RESULTS FOR STANDARDS G-1 AND W-1. 


Zn Mn Ni 


45 195 iL 


25-55 147-245 1-21 


210-350 
ayy 125 292 
86* 1278 76 
42-95 903 29-95 
1393 
ja) 981 43 
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APPENDIX 3 


ASSEMBLAGES FROM REGIONAL METAMORPHIC ROCKS NOT INCLUDED IN TABLE 3 


Sample Number 


5LBT-4 
5LBT-5 


5LBT-6 


5LBT-7 


5LBT-8 


5LBT-9 

5LBT-10 
5LBT-11 
SLBT-12 


5LBT-13 


5LBT-14 


SLBT-18 


SLBT~19 


SLBT=-21 


6LBT-23 


6LBT-24 


6LBT-25 


6LBT-26 


6LBT-27 


Assemblages from Regional Metamorphic Rocks 
Dolomite - calcite - quartz — muscovite 
Quartz - K-feldspar - muscovite - carbonate 
Dolomite - calcite - quartz - muscovite 


Amphibole - chlorite-- quartz - feldspar - carbonate - 
magnetite - opaque 


Quartz —- K-feldspar - chlorite - biotite - hematite - 
carbonate 


No thin section. 

K-feldspar - quartz - chlorite - muscovite - calcite 
K-feldspar - quartz - muscovite - chiorite - pyrite 
Quartz - K-feldspar - chlorite - muscovite - calcite 


Quartz - chlorite - calcite - hematite - dolomite - 
K-feldspar 


No thin section. 


Plagioclase - microcline - quartz — biotite - magnetite 
- sphene 


Microcline - quartz - plagioclase - biotite - sphene - 
muscovite 


Calcite - quartz - pyrite - feldspar - sphene - tremo- 
lite - phlogopite - chlorite 


No thin section. 


Biotite -— plagioclase - K-feldspar - staurolite (?) - 
carbonate - rutile - ilmenite - pyrite 


Hornblende - quartz - plagioclase - magnetite - biotite 
- chlorite - K-feldspar (2) 


Hornblende - quartz - plagioclase - K-feldspar - magne- 


tite 


Diopside - calcite - tremolite 
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6LBT-28 Tremolite - feldspar 
6LBT-29 Tremolite - calcite 
6LBT-30A Muscovite - quartz - biotite - magnetite - rutile - 


pyrite - tourmaline - apatite 


6LBT-30B Calcite - tremolite - phlogopite - pyrite 
6LBT-31 Quartz - albite - muscovite 
6LBT-32 Actinolite - hornblende - plagioclase - quartz - 


K-feldspar - biotite - magnetite 
6CBI-1 Quartz - muscovite - K-feldspar - chlorite - rutile 


6CBT-2 Calcite - oligoclase - K-feldspar - quartz - biotite - 
chlorite - sphene 


6CBT-3 Calcite 
6CBT-4 Calcite - quartz - K-feldspar - phlogopite 
6CBT-5 Quartz - K-feldspar (?) - muscovite ~ hematite - 


chlorite - ilmenite - magnetite - tourmaline 
6CBT-6 Calcite - quartz - hematite 


6CBI-7 Guartz — biotite = plagioclase - K-feldspar - musco- 
vite - magnetite - sphene - tourmaline 


9CBT-1 Calcite - diopside - actinolite - plagioclase ~ micro- 
cline - quartz - sphene 


9CBI-2 Diopside - actinolite - Anyg plagioclase - microcline - 
seapod iter phlogopite - sphene - quartz 


9CBT-3 Biotite - plagioclase An3g - microcline - quartz - 
epidote - apatite - sphene 


9CBT-4 Biotite - actinolite - diopside - plagioclase - 
K-feldspar - quartz 


9CBT-5 Quartz - biotite - oligoclase - microcline - chlorite - 
pyELee.- magnetite 


O9CBT-6a Hornblende - plagioclase - K-feldspar - magnetite - 
sphene 
OCBT-6 Calcite - diopside - actinoLite = plagioclase - micro- 


cline - epidote - scapolite - phlogopite - quartz 
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11CBT--8 
1iCBT-9 
11CBT-10 


L1CBT-11 


11CBT-12 
11iCBT-13 


11CBT-14 
LICBT-17 
11CBT-18 


L1CBT-19 
LIRBT-1 
11RBT-2 


11RBT-3 


12RBT-3a 
12RBT-4 


6CCT~2 


6CCT-4 
6CCT-5 


6CCT-6 


6CCT-7 


Diopside - actinolite - biotite - plagioclase - 
microcline — quartz 


Actinolite - diopside - plagioclase - microcline - 
quartz 


Hornblende - oligoclase ~ quartz - K-feldspar - biotite 
- magnetite 


Muscovite - biotite - albite - quartz - K-feldspar 


Muscovite - biotite - quartz - K-feldspar - plagio- 
clase - magnetite - garnet - rutile 


Quartz = muscovite - K-feldspar - albite - garnet - 
chlorite - pyrite 


No thin section, 
Calcite - tremolite - phlogopite 
Tremolite —- calcite 


Phlogopite - muscovite - quartz - plagioclase - 
K-feldspar - rutile - zircon 


Hornblende - plagioclase - quartz - biotite ~ chlorite - 
sphene - rutile - K~feldspar (7?) 


Hornblende - plagioclase An3g - quartz - biotite - 
sphene - magnetite - K-feldspar 


Quartz - muscovite - rutile 


Chlorite - biotite - muscovite - quartz - feldspar - 
galena - pyrite 


Biotite - muscovite - quartz - plagioclase - K-feld- 
spar - hematite 


Quartz - plagioclase - K-feldspar 


Actinolite - quartz - K-feldspar ~ plagioclase - 
diopside - biotite - epidote - sphene 


Actinolite - epidote - biotite - diopside - microcline - 
quartz — plagioclase 


Hornblende - plagioclase - epidote (?) - sphene 


Quartz - K-feldspar - biotite 
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6CCT~9 


6CCT-10 


7CCT-11 


7CCT-12 


7CCT-13 


7CCT-14 


7CCT=-15 


7CCT-16 


yCCI-1/ 


7CCT-18 . 


7CCT-19 


7RT=1 


7RT-1 (upper 


band) 


7RT-2 


7RT-3 


7RT-4 


7RT=-5 
7RT-6 
7RT-8 


7RT-9 


Quartz - microcline - biotite — muscovite ~- albite - 
magnetite 


Quartz - K-feldspar - biotite - muscovite - albite - 
opaque 


Quartz - K-feldspar - biotite - muscovite - albite 


Hornblende - plagioclase - quartz - K-feldspar - 
biotite - sphene 


Missing 


K-feldspar - plagioclase - quartz - biotite - muscovite 
- rutile 


Quartz - K-feldspar - albite - biotite - muscovite 


Hornblende - plagioclase - K-feldspar - quartz — bio- 
tite - chlorite - sphene 


Quartz - biotite - muscovite - albite - K-feldspar 


Quartz - K-feldspar - plagioclase - actinolite - epidote 
- biotite -— sphene 


Hornblende - quartz - plagioclase - biotite - garnet - 
sphene 


Actinolite - diopside - quartz - K-feldspar - plagio- 
clase - epidote 


Hornblende - actinolite - diopside - epidote - quartz - 
plagioclase 


Quartz - plagioclase An39 - microcline - actinolite - 
biotite 


Diopside - plagioclase - actinolite - calcite - K-feld- 
spar - epidote 


Quartz - plagioclase ~ K-feldspar (2?) - actinolite - 
epidote - biotite 


Quartz - plagioclase - K-feldspar - actinolite - biotite 
Diopside - actinolite - microcline - plagioclase - quartz 
Biotite - quartz - K-feldspar - plagioclase - epidote 


Hornblende - plagioclase - K-feldspar - quartz - sphene 
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7RT-10 Plagioclase - K-feld 
ti) <i ea, Sspak = BS ~ i i a 
chlorite - muscovite j tata fod 

7RT-11 Calcite - plagioclase - actinolite 

7RT-12 Hornblende - plagioclase - quartz - chlorite - sphene - 
K-feldspar 

7RT-13 Quartz - plagioclase - K~feldspar - actinolite - 
epidote 

7RT-14 Quartz - microcline - plagioclase - biotite - chlorite 

7RT-15 Feldspar - quartz 

7RT-16 Hornblende - quartz - plagioclase - biotite - sphene - 
magnetite 

7RT-18 Actinolite - biotite - quartz - plagioclase - sphene 

8AT-1 Quartz - biotite - chlorite - K-feldspar - epidote (?) 

8AT-2 Actinolite - diopside - calcite - muscovite 

8AT-3 Quartz - microcline - actinolite - chlorite - plagioclase 

8AT-4 Muscovite - quartz 

8AT-5 K-feldspar - biotite - actinolite - albite - quartz - 
garnet 

8AT-6 Biotite - chlorite - plagioclase - quartz - K-feldspar - 
garnet = magnetite 

8AT-7 Quartz - K-feldspar - plagioclase - biotite - actinolite 
chlorite - sphene 

8AT-9a Hornblende - biotite - quartz — K-feldspar - plagioclase 
Svepideté = sphene 

8AT-9b Quartz - K-feldspar — plagioclase - actinolite - horn- 
plende - diopside - sphene 

8AT-10 Quartz - microcline - albite - hornblende - pyrite 

8AT-11 Quartz - microcline - albite - hornblende - sphene 

8AT-12 Quartz - feldspar ~ biotite - muscovite - chlorite - 


magnetite 


8AT-13 Calcite - dolomite — quartz 
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SAT-14 


8AT~15 
8AT-16 


8AT-17 


8AT-19 


8AT-20 


8AT-21 


8AT-22 


8AT-23 


8AT~24 


8AT=25 


SAT-26 
1LOBT-1 


1OBT-2 


LOBT-5 


1OBT-6 


1OBT-7 
1OBT-10 


1OBT-11 


1OBT-12 


1OBT-14 


Hornublende - quartz - K-feldspar - plagioclase - 
magnetite 


No thin section, 
Quartz - garnet ~ actinolite (?) 


Quartz - actinolite - diopside - epidote - biotite - 
plagioclase - microcline - pyrite - magnetite 


Quartz - microcline - hornblende - biotite - actinolite 
- plagioclase - pyrite - sphene 


Calcite - quartz - K-feldspar - phlogopite - diopside (7?) 
- plagioclase - sphene 


Quartz - microcline - hornblende - plagioclase - sphene 
- magnetite ~- pyrite 


Quartz - biotite - actinolite - microcline - plagioclase 
- pyrite 


Quartz. ~.plagioclasen-;) biotite - calcite — actinolite — 
pyrite 


Quartz - plagioclase - microcline - biotite - musco- 
vite - magnetite - pyrite 


Quartz - hornblende - feldspar - biotite - calcite - 
hematite 


Muscovite - quartz - chlorite - feldspar - rutile 
Quartz - K-feldspar - albite - biotite 


Biotite - muscovite - quartz - K-feldspar - plagio- 
clase (Any)) 


Muscovite - biotite - quartz - feldspar (?) - magnetite 


Muscovite - biotite - quartz - magnetite - K-feldspar - 
oligoclase 


No thin section. 
Tremolite - calcite - quartz — dolomite 


Quartz - K-feldspar - plagioclase - actinolite - 
aegirine (7?) 


Hornblende - quartz — feldspar - sphene - biotite 


Quartz - biotite - plagioclase - K-feldspar - garnet 
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LOBT-15 


LOBT-16 


12WP-1 


24-13 


25-11 


29-12 


32-la 


29-36 


29-14 


35-6 


6Aug-3a 


42-16 


32-1 b 


Biotite - hornblende - quartz - K-feidspar - plagioclase 
- sphene - magnetite 


Hornblende - quartz - sphene — plagioclase - epidote 


Biotite - muscovite - K-feldspar - plagioclase - quartz 
- garnet 


Actinolite - diopside - microcline - biotite - quartz - 
plagioclase - epidote - sphene 


Quartz - muscovite - garnet —- plagioclase - K-feldspar - 
biotite -— chlorite — opaque 


Epidote - actinolite - calcite - sphene — apatite 


Hornblende - quartz - plagioclase - K-feldspar - biotite 
- sphene - chlorite - epidote —- scapolite - magnetite - 
hematite 


Actinolite - epidote - biotite - microcline - plagio- 
clase ~ quartz - opaque 


Quartz —- muscovite - biotite - feldspar - garnet - 
epidote - chlorite - opaque 


Calcite - diopside - tremolite - phlogopite - microcline 
plagioclase 


Quartz - biotite - muscovite 


Muscovite - biotite - chlorite - quartz - feldspar - 
magnetite 


Quartz - muscovite - biotite - plagioclase (An, 5) - 
microcline - tourmaline - opaque 


Garnet - plagioclase - biotite - quartz - K-feldspar - 
carbonate - chlorite - magnetite 

Quartz, - muscovite - feldspar - chlorite - biotite - 
opaque 

K-feldspar - plagioclase - biotite - muscovite - quartz 
~ sulfides - chlorite - zircon 


Muscovite - quartz - feldspar 


Quartz - feldspar - chlorite - biotite - muscovite - 


hematite - tourmaline - calcite 
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6Aug 4 b Plagioclase ~ K-feldspar - biotite - quartz - muscovite 
~ garnet — sulfides ~ magnetite 


27-3 Quartz — muscovite - biotite — feldspar - magnetite - 
hematite 

37-20 Quartz - chlorite - feldspar - muscovite ~ biotite - 
magnetite 

3/8-1 Quartz - K-feldspar - biotite - plagioclase - muscovite 

28-24 Chlorite - epidote ~ quartz ~ carbonate - biotite - mag- 
netite 

15-16 Quartz - K-feldspar ~- biotite - plagioclase (An, 3) - 


muscovite - garnet 


42-13 Hornblende - quartz - plagioclase - K-feldspar - pyrite - 
sphene - ilmenite - biotite - carbonate 


32-6 Muscovite - chlorite - quartz - biotite (?) - feldspar - 
ilmenite - magnetite 


35-2 Biotite - quartz - muscovite - plagioclase - K-feldspar - 
chlorite 

29-29 Biotite - quartz - muscovite - albite - K-feldspar - 
hematite 

27-6 Muscovite - quartz - feldspar -— biotite - hematite - 
chlorite 

31-12 Chlorite - plagioclase - muscovite - magnetite -— K-feld- 


spar —- quartz 


34-21 Chlorite - plagioclase - muscovite - magnetite - 
K-feldspar - quartz 


23-3a Hornblende - plagioclase (Anys5) - quartz - K-feldspar - 
garnet - chlorite ~.actinolite - magnetite - sphene 

37-13 Muscovite - quartz 

25-2 Quartz - muscovite - hematite 

6Aug 3 b Quartz - biotite - plagioclase (An,5) - garnet - opaque 

31-12 Quartz - actinolite - biotite - microcline - albite - 


oligoclase - epidote --‘calcite - sphene - opaque 


3/8-2 HBeabbedde - quartz - plagioclase (An,,) - epidote - 
biotite - sphene 
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Hornblende - actinolite ~- epidote - calcite - plagio- 
clase (An...) - qua: - 
( 57) quartz - sphene 
Muscovite - quartz - biotite - tourmaline - opaque 


Hornblende - actinolite - epidote - microcline - plagio- 
clase - quartz - carbonate - biotite - sphene 


Hornblende - quartz - microcline - plagioclase (Anj5) - 
carbonate — sphene 


Muscovite - plagioclase - epidote -— quartz -— biotite - 
carbonate 


Hornblende - quartz - plagioclase - microcline - sphene 


Amphibole - chlorite ~- biotite - quartz - plagioclase - 
K-feldspar (?) - magnetite 


Muscovite - quartz - feldspar - biotite - chlorite 


Quartz - feldspar - scapolite - biotite - muscovite - 
epidote 


Quartz - plagioclase - K-feldspar - muscovite - chlorite 


ASSEMBLAGES FROM ROCKS FROM KOOTENAY POINT NOT INCLUDED IN TABLE 4 


Sample 
340-143E 


30-19E 


45-62E 
50-35E 
40-20E 
100-110E 
200-140E 
110-40W 
112-45w 
100-008 


125-75E 


Assemblages from Kootenay Point rocks 
Plagioclase - K-feldspar - quartz — biotite - muscovite 


K-feldspar - Anj5 plagioclase - quartz - biotite - apa-~ 
tite - zoisite - amphibole 


K-feldspar - plagioclase - quartz — amphibole - biotite 
AN 36 plagioclase - K-feldspar - biotite - zircon - chlo- 
Calcite - dolomite - muscovite 

Tremolite - calcite 

Actinolite - biotite - scapolite - feldspar - quartz 


Plagioclase (An. 39) - quartz - K-feldspar - biotite 
Tourmaline - muscovite - apatite 


Muscovite - calcite 


Calcite 
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1238-002E 


135-05W 


155-75W 


188-106E 


250-110W 


260-310E 


266-143E 


296 


Tale - muscovite (2) 

Muscovite - calcite - tale (2?) - epidote 
Tremolite - phlogopite (?) 

Calcite — muscovite 

Microcline - albite - quartz - muscovite - biotite 
K-feidspar - plagioclase (Anj5) - quartz - biotite 


K-feldspar - quartz - garnet - biotite 


Note — Some of the above assemblages do not appear in Figure 3, 


T1~2 


K-feldspar - quartz - plagioclase - biotite - muscovite - 
chlorite 


No thin section. 
Tremolite - biotite - calcite 
No thin section. 


Tremolite - diopside - calcite - dolomite - biotite - 
scapolite 


No thin section, 
Calcite - phlogopite - dolomite - scapolite 
Plagioclase - microcline - quartz — biotite - muscovite 


K-feldspar - albite - quartz —- biotite - muscovite - 
carbonate 


No thin section. 


Tremolite - diopside - calcite - dolomite - biotite 
Calcite - actinolite - diopside - biotite - tale (2) 
Diopside - tremolite - calcite - quartz 

Calcite - dolomite - biotite 

Calcite - tremolite - quartz 


Albite - oligoclase - microcline - quartz - biotite - 


chlorite - apatite 
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T4-1 
T4-3 
T4-5 


T4-7 


Aibite ~ crthoclase. 


K-feldspar - quartz 
Albite - microcline 


Microcline - quartz 


ZG 


~- quartz ~- biotite ~ muscovite 
- plagioclase (An, 5) - biotite 
- quartz — biotite 


- plagioclase 
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CENTRAL KOOTENAY ARC 


BRITISH COLUMBIA 
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ABSTRACT 

Amphibolites from the central Kootenay Are contain optically zoned 
amphiboles. Optical zoning is expressed by an actinolite rim surround- 
ing a pargasitic hornblende core, and optical boundaries may be either 
sharp or gradual. 

Six zoned amphiboles were analyzed for nine elements in traverses 
across each grain. Chemical zonation is congruent to optical zonation. 
The zoned amphiboles lie along the join pargasitic hornblende 
(Na 52K 99) 59°41, 92 Fey 99749. 944 so! o5!B2, 41) S46, 59441, 4192202 
aluminous actinolite (Na 15K 96) 91°41, 92 (Fer, sett 0241, 30!" oaM83.15 
Siz 4441 56022 (0H) >- The zoned amphiboles can be explained by reactions 
taking place in small volumes of rock within single thin sections and 
result from a change in equilibrium within polymetamorphic rocks. The 
hornblende cores of the Kootenay amphiboles were formed during the peak 
of the last metamorphism in the Kootenay Arc, with the actinolite rims 
developing during cooling. The reaction: hornblende + high Mg/Fe 


biotite 1 + 0.852 quartz = aluminous actinolite + lower Mg/Fe biotite 2 


+ 0.213 plagioclase is proposed to explain the zoning observed. The 


appearance of a solvus in the actinolite-pargasitic hornblende series 


completes the reaction. 
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INTRODUCTION 

Recent contributions to the study of the amphibole group include 
analyses of coexisting amphiboles (Ernst, 1968; Klein, 1968; Kisch and 
Warnaars, 1969; Robinson and Jaffe, 1969; Stout, 1972), exsolution 
phenomena in amphiboles (Ross, Papike and Shaw, 1969; Bonnichsen, 1969; 
Robinson, Ross and Jaffe, 1971), and general amphibole crystal struc- 
ture and chemistry (Leake, 1965, 1968; Papike, Ross and Clark, 1969; 
Robinson, Ross and Jaffe, 1971). Despite such detailed study, little 
mention has been made of zoning in amphiboles, with the exception of 
Crawford (1971, Klein (1969), Robinson, Jaffe, Klein and Ross (1969) 
and Cooper and Lovering (1970). Kisch and Warnaars (1969) and Bonnich- 
sen (1969) mention rimmed amphiboles and replacement in amphiboles, but 
no quantitative data are provided. Compton (1958) mentions rimmed 
actinolites which might be the reverse of the zoning shown in this 
study. 

Several studies of zoned garnets from metamorphic rocks have been 
reported (Atherton and Edmunds, 1966; Atherton, 1968; Edmunds and 
Atherton, 1971; Fediukova and Vejnar, 1971; Hollister, 1966, 1969). 

The first three studies relate the zoning to the polymetamorphic his- 
tory of the rocks. 

Metamorphosed lower Paleozoic rocks from the Kootenay Arc, British 
The purpose of this study is to 


Columbia contain zoned amphiboles. 


present quantitative information regarding these amphiboles and to dis- 


cuss their origin in the light of recent work on the amphiboles and 


zoned garnets from metamorphic rocks. 
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GEOLOGIC SETTING 

The Kootenay Arc is a narrow structural belt of highly deformed 
rocks extending from Revelstoke, BrLetsh Columbia, southeast, south and 
southwest until it crosses the International Boundary. Samples for 
this study were collected from the central part of the Kootenay Arc 
along the eastern shore of Kootenay Lake. The zoned amphiboles are 
found in amphibolite pods included in the Lower Paleozoic Lardeau Forma- 
tion. These pods take the form of large boudins up to 10 meters thick 
and several hundred meters long that are sandwiched between granular 
calc-silicate rocks comprising the lithology of the lower Lardeau Forma- 
tion (Fyles, 1964; Crosby, 1968). The amphibolites are probably meta- 
morphosed basic volcanics that have been boudinaged by fairly intense 
deformation. 

The samples were collected from a small promontory on Kootenay Lake. 
The sample area lies 4.5 km west of the hornbiende and 3.5 km west of 
the garnet isograds. Regional metamorphic grade increases from east to 
west. The reactions forming tremolite (5Dolomite + 8quartz + Ho0 = 
tremolite + 3calcite + 7€0.) and diopside (Tremolite + 3calcite + 
2quartz = 5diopside + 3C0, + H70) (Winkler, 1967) occur concurrently in 
rocks immediately adjacent to those containing zoned amphiboles. Tem- 
peratures of about 500°C have been obtained from these rocks through 
use of the calcite-dolomite thermometer (Winzer, 1973). The maximum 
table isotopes (Ohmoto and Rye, 1970) from 


temperatures obtained from s 


material 9 km north and at the same grade are in good agreement with 


those obtained from the sample area. Rocks from a small area 11.3 km 


NNW contain kyanite in unstable association with staurolite, but these 


rocks have been influenced by contact metamorphism, making their 
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regional significance uncertain. Reactions forming staurolite from 
kyanite + chloritoid or forming staurolite + biotite + quartz from 
chiorite + muscovite take place at temperatures somewhat higher than 
those indicated for the sample locality (den Tex, 1971). The evidence 
cited above suggests that the rocks formed under conditions of the upper 
part of the garnet zone, at or just below the staurolite isograd, but 

no staurolite isograd can be mapped on the east side of Kootenay Lake. 

All six samples are located in separate pods of amphibolite within 
170 meters of each other. These pods are surrounded by actinolite and 
diopside gneisses, biotite, phlogopite and talc schists, micaceous 
marbles and pegmatites. They are cut by aplite and pegmatite dikes from 
a few centimeters to 10 meters thick (Map, Fig. 1). Although larger 
bodies show no chilled borders or aureoles, several smaller aplites and 
pegmatites have aureoles a few centimeters wide. No reaction zones are 
apparent at contacts between beds. 

The central Kootenay Arc has a long metamorphic history, encompas-— 
sing at least 100 m.y. K-Ar age dating indicates two metamorphic 
events, one occurring between 120 and 150 m.y., the other between 50 
Rb/Sr mineral "isochrons" for eleven biotite-amphibole 


and 70 m.y. 


pairs from the sample area indicate recrystallization of older material 


about 50 m.y. ago and further indicate that complete isotopic homogeni- 


zation was not achieved by the later event. Three phases of deformation 


have been differentiated by Fyles (1964, 1967) and by Crosby (1968), but 


the relationship between structure and metamorphism is not well under- 
stood. 


Evidence of metasomatic introduction of at least K and Na exists 


for rocks lying above the hornblende and garnet isograds (Winzer, 1973). 
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Detailed chemical and petrographic work by Winzer (1973) indicates that 
in some rocks from the sample area biotite formed by metasomatic intro- 
duction of K and did not equilibrate with amphiboles with respect to 


Fe, Ti and trace elements. 


ANALYTICAL METHODS 


Six grains showing varying degrees of optical zonation were chosen 
from polished thin sections. These grains were photographed in plane- 
polarized transmitted and reflected light. Each was marked with a 
diamond scriber, and an area including the rim and central core of the 
grain was chosen for traversing. An ARL-EMX microprobe was used for all 
analytical work. A 15 kv acceleration potential and a 0.15 microamp 
beam current (approximately 0.015 microamp specimen current) were used 
for, Ca, Na and K;_.0.3 microamp (approximately 0.03 microamp specimen 
current) was used for the remaining six elements. ADP crystals were 
used for Ca and Si; RbAP for Na, Al and Mg; EDDY form Ke bil for Tiare 
and Mn. The spot size was held to <1 micron and checked frequently 
for drift. Using a one second count time and a Rikadenki three pen 


recorder, a continuous trace was initially made and was then used as a 


guide for locating ten or eleven stations on each grain. Ten ten-second 


counts were then taken within an area that was never more than three 


microns in diameter. If the number of counts varied outside of the 


range expected for a normal statistical distribution for a homogeneous 


material at the 99 percent confidence level, additional counts were 


taken. Each station was analyzed for nine elements with return to 


stations facilitated by reflected light photographs. Raw data were 


corrected for background, fluorescence, absorption and atomic number 


effects by means of the APL program PROBEDATA (Smith and Tomlinson, 
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1970). Standards used were the Kakanui kaersutite (Mason, 1968; 

White et al., 1972) and a well analyzed biotite. Both were previously 
analyzed by wet chemical methods and checked for homogeneity. The 
amphibole analyses for this study are believed to be accurate to within 
+ one percent of the total for all elements except Ti and Mn, which may 


have a slightly larger error. 


PETROGRAPHY AND PETROLOGY 

The specimens chosen are similar in hand specimen and occurrence. 
All amphibolite pods sampled are either partially enclosed in or cut by 
pegmatite and some are cut by later aplite dikes. No chill borders or 


reaction rims are detectable between the amphibolites and either 


intrusive. In hand specimen the amphibolites are dark green or greenish 


black foliated rocks containing optically zoned amphibole and varying 


amounts of biotite, feldspar, quartz, diopside, epidote, scapolite and 


sulfide minerals (for modal percentages, see Table 1). The pale colored 


minerals occur in discontinuous lenses. In several samples, diopside 
veins cut the foliations at high angles, and knots of diopside form. 


(For petrographic descriptions, see Appendix 1). 


ZONED AMPHIBOLES 


Continuous traverses and point traverses were made on zoned amphi- 


boles from six specimens. One grain (T2-15) was chosen as representa- 


tive of the maximum zoning found in all six grains. The data for T2-15 


are presented in Table 2 and Figs. 2, 3 and 4. Fig. 4 illustrates the 


zoning trends for all six grains in terms of changes in tetrahedral Al 


and A-site occupancy. 
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General observations on amphibole zoning 

1. Optically zoned amphiboles occur in rocks of suitable composi- 
tion from the entire region lying at or above the hornblende isograd. 

In most cases, a dark green core hornblende is surrounded by a pale 
green or Dluish-green rim of actinolite. In rocks fron the region and 
from the sample area, two amphiboles are seen to coexist in apparent 
textural equilibrium, but some two amphibole assemblages consist of 
zoned hornblende and separate grains of bluish~green actinolite. Patchy 
"intergrowths" of actinolite within hornblende grains, as reported by 
Klein (1969), do occur in the region but are rare and occur at or very 
near the hornblende isograd. 

A range of textures are found and are typified by the six amphiboles 
studied in detail. Where chemical zonation is not great, no sharp opti- 
cal boundaries are observed, but where chemical zonation is large, the 
boundaries between rim and core are sharp, and in T2-15 and 375-140W 
even show a poorly defined Becke line between core and rim. 

2. In every case the core is enriched in K, Na, Fe and Ti and the 
mam is enriched in Ca, Si and Mg. 

3. Where changes of less than six weight percent occur in the 


major elements (Si, Mg and Al generally), the transition zone between 


core and rim is smaller than where large changes occur. There sharp 
changes in amounts of major elements and sharp optical boundaries indi- 
cate that aluminous actinolite and pargasitic hornblende exist as two 
separate phases. 

4, Antipathetic variations occur between Fe and Mg, between Si and 


Al and between Ca and Na + K when large changes from rim to core occur. 


Where zoning is more subtle, variation is not always antipathetic, as in 
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240-137E, T2-15, T4-4b and T4-8b. 


9. Core and rim zones on all grains differ by major differences 
in Ca, Mg and Si values. Both core and rim may show compositional 
variation, with the core portion showing compositional variation to 


the optical boundary with the rim, and a rim which is homogeneous, or 
shows subtle variation. Zoning trends are well illustrated by the 


plots of A-site occupancy against tetrahedral Al (Figed4)« 


DISCUSSION AND CONCLUSIONS 
Crawford (1971) reports cryptically zoned amphiboles ranging in 


composition from Ca,Mg,Fe,Si,0,. (OH), to (Na,K), (CaM, Fe, gAl, 5 


Si¢ 6Aly 1, (OH) 5 along the actinolite-pargasite join. She attributes 


; sped rere reer +2 pot3 ered 
this variation to substitution of (Na, ) _yAlsFey Fey for Mg Si 


Z 
in the actinolite end member. 


The present study concerns amphiboles along the join hornblende- 
actinolite, with some pargasite substitution, but indicates that while 
the above substitutions may be valid, the situation is likely to be 
more complex. The amphiboles studied by this author extend the pos- 
sible range of solid solution further towards the pargasite end member 


as compared to Crawford (1971) and Cooper and Lovering (1970). 


Examination of the plot for T2-15 (Fig. 3) indicates that as Na 


and K increase, Ti, mie eee and Fe increase, while Si and Mg decrease. 


This relationship suggests that the same compensatory scheme operates 


for actinolite-hornblende as for gedrite (Robinson, 


The changes for calcium are subtle, but where tremolite is present, the 


change is quite sharp, as indicated by intensity traces for 375-140W 


where tremolite is present within the actinolite rim. Robinson, Ross 


and Jaffe (1971) suggest 4a control between A-site occupancy and tetra- 


Ross and Jaffe, 1971). 
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hedral Al. The amphiboles studied a this author show that the rela- 
tion is sympathetic as demonstrated by the plots of tetrahedral Al 
against A-site occupancy (Fig. 4). 

The geological implications of these zoned amphiboles are inter- 
esting. Atherton and Edmunds (1966), and Atherton (1971) in their 
work on zoned garnets suggest that the garnet core behaves as a closed 
system within the rock and that zoning patterns are indicative of 
changing equilibrium conditions during growth. Hollister (1966, 1969) 
provides a different model wherein the large difference between 
fractionation factors for Mn, Fe and Mg between garnet and rock exert 
primary influence on garnet zoning. The fractionation factor may vary 
with temperature and relative proportions of non-refractory minerals in 
the rock. Aspects of both models might apply to the amphibole zoning 
found in this study. To test for equilibrium, biotite coexisting with 
zoned amphiboles in the six specimens studied has been analyzed by 
electron microprobe. Representative analyses are presented in Table 3. 
Biotites from all six rocks are similar in that they show no zoning and 
appear to be approaching textural equilibrium with the surrounding 


minerals. Mg/Mgt+Fe and Ti/TitFe ratios have been plotted for both 


hornblende rim and core and the coexisting biotdites ¢(FiewiS)w (Both 


plots show considerable scatter, indicative of a lack of close approach 


to equilibrium for both rim, core and coexisting biotite. This is in 


agreement with major and trace element data for these and other amphi- 


bole-biotite pairs from the same area. Examination of biotites 


coexisting with unzoned hornblende (from rocks of similar composition) 


indicates that they are generally more magnesian than those coexisting 


with zoned amphiboles. The difference in biotite composition for rocks 
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very close (<10m) together suggests that the change in biotite compo- 
sition is related to the zoned amphibole. The textural relationships 
between biotite and amphibole suggests exchange with the rim (the 
biotite is usually not in contact with the core, but may be enclosed by 
the rim). 

From the evidence cited above, it is concluded that the core zone 
of the amphiboles studied has been effectively isolated from the rock 
system with respect to major and most minor elements and represents 
conditions of the amphibolite facies metamorphism which last affected 
the area. Depending on internal conditions of the rock, some of the 
host hornblendes exsolved cummingtonite, quite possibly in equilibrium 
with the host, as suggested by Ross, Papike and Shaw (1969). The next 
step in the evolution of the zoned amphiboles was a retrogressive one. 
This retrogressive event could be due to slow cooling from the thermal 
peak reached during the main regional event, or it could be due to meta- 
somatism under conditions of changing fluid composition in an open 


system. Reactions producing actinolite are usually associated with 


greenschist facies metamorphism, both regional and contact. Winkler 


(1967) suggests two prograde reactions: For contact metamorphism 


Ch1+(Tr-Act)+Ept+Qtz = HbtAnthtH,0. For regional metamorphism Chl+(Tr- 


Act)+EptQtz = Hb. Geological evidence, as well as textural evidence 


and lack of aureoles around the larger intrusions in the sample area, 


indicates that in the Kootenay amphiboles the effects result from 


regional metamorphism, but at lower temperatures and possibly different 


pressures and fluid compositions than the event producing the hornblende 


cores. The occurrence of similar textures from other locations within 
e 


the region rule out local metasomatic effects. 
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The retrograde reaction involves significant exchange of mL eal, 
Mg and Fe, and smaller amounts of Ca, Na and K. Biotites coexisting 
with unzoned hornblendes from the same area show generally higher Mg, 
Si and Al and lower Fe and Ti than biotites present in rocks containing 
zoned amphiboles. On the basis of the relationship between amphibole 
and biotite shown by the Mg/Mg+Fe and Ti/Tit+Fe plots, it is assumed 
that a biotite similar to that coexisting with unzoned hornblende 
existed prior to the retrograde reaction. This biotite (biotite 1) 
exchanges Mg, Fe, Si, Al and Ti with the hornblende (represented by the 
core composition) to form biotite 2 and the actinolite rim. A certain 
amount of Ca, Na, K and Al is left over to become incorporated into 
plagioclase, whose presence demands a small amount of quartz among the 
reactants. Using only the anhydrous formulae calculated from mineral 
analyses for T2-15 (hornblende, actinolite, biotite 2 and plagioclase), 
a balanced reaction can be obtained with suitable modification of 


biotite 1. The reaction is: 
hornblende 

(Na 35K 99)Caq 99 (Fey g9ftogAl sgt, osMe2,41) Sto. 59441. 41°22 * 
Biotite it C 

(Ky 79N@_ 978 og) (Fey. 117i 2542, 26M 0383, 10) S45. 76442. 24922 * 

Aluminous Actinolite 

0.852Si09 = (Na_ 94K. 13)Ca1, 908 (Fer, 79Ti0. SAL. 47m o4Me2.8)Si6. 96411. 04929 
Biotite Z 

: (Ky ggNa_g5Ca_g2) (Fe2, 327i, 3041. 368, 0382.71) 545 67412. 33922 + 

Plagioclase 
0.213(Ca 4¢Na 79K 93)Al] 27542, 738° 


This reaction involves no hydration or dehydration. It can only 


be considered valid for T2-15, but the similarity of all zoned amphibole 


parageneses indicates that the general form of the reaction would hold, 


with modifications dependent on mineralogy. The same type of reaction 


can be written for 375-140W which has a plagioclase of Ang, coexisting 


with the zoned amphibole and biotite. The composition of the original 
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biotite turns out to be similar to the biotites coexisting with the 
less radically zoned amphiboles (T4-8a, T4-4b and 240-137E). The 
original biotites cannot be strictly compared to any biotite in the 
area coexisting with zoned or unzoned amphiboles because there is 
considerable range in rock composition, a factor of critical importance 
in determining biotite composition. The presence of epidote would 
produce some differences in the reaction, but these differences cannot 
be quantified without further data. 

The reaction and the reasons for it are undoubtedly more complex 
than indicated here, especially with respect to the oxidation state of 
the iron and the water content of the hydrous phases. The data does 
not permit discussion of these problems, but they do indicate that the 
reaction can proceed without the necessity of introducing components 
from outside the thin section. The reaction, in general, demands some 
calcium from the reactants. This calcium can be provided by the 
biotite, but it could also be provided by a more anorthite-rich plagio- 
clase among the reactants. The reaction would then have higher An 
plagioclase on the reactant side going to more Ab rich plagioclase on 
the product side. The reaction is balanced by changes in the Al con- 
tent for biotite 1 and lessening the amount of quartz among the 


reactants. 


If the system were open, exchange reactions involving K, Na and 


possibly Al and Si could explain the zoning found. The reaction would 


be considerably more complex than the one proposed because it involves 


exchange of at least two solid phases with a fluid. Because less 


mobile components like Mg and Fe are involved in the exchange, an 


earlier magnesium-iron silicate or carbonate is needed. Dolomite is 


310 


= 
$0) ; te 5 ates oi 3 eS: Lae) aed bes 3 
ae Ler bates ar tee a errs, sind ‘wat ig wet Lonke «et as! swivel ‘ii 
hi = ; , x ae i 7 ors nN Pear 
‘~ 2 Oke peered ea ae tes tah er 
ve oe i % oft a be rf ow 4 f inch bY ~ By ri 5 eR by Sag P rae Ary we fodid ’ qian boos 
a ; % : ' ag ; 4 
‘ - < ob Cee ies vty inl os e 
ae rhe oe otk OS beans etowbese: sid seamen eo ttt 
m iin ih. ist EN | oe 
. : d Al La P| Pu - 
“sig i dptoditeus ssyontie 30 ¢ initia dae pais ¢ 
. 5 ‘ < F a 
$ Rha ¢ 
: | ‘ = Py i 3 Sy -<pe egTat 
i ra \ | ‘ 
a J > = 
“Pe ; ae | = s'4z376i¢d 
4 | ] at4 oJ Sit seenrine: 
. — 
; Tt Sint rete et suod bee 
~ 
(0% eooaney oft bie ok sKb + 
+ 7 ; r - Ch : pi 
badhitxa | oy ‘ogaes dite! eilsioeges. saedih sisiaale 
[ ‘took aa es 
sas aie 9 bias . 
eee eye ae sanity ‘suqgh wre Sth) : Por IAS TANM SOTRE Se bie. £ 
re ia? ‘ vas & , - : s u fi J f 
‘ a # ” Fe ‘: ry . a 7 al va % oesytt to not 2 Bud elb *| a it - 
4 ; ; : airy it , i 
io Ped UCase High ape le dab est gal sods tw baoauEq' Ae ox 


7 
opt 


4 a a! a os . ‘ es abe | 2A? , ‘ Scaeaial alitd ots ah des 
va , Peit 0 te 


RE Mee ns ay pe ma re es er sons cae - 


; : y bad 
® { a u 


- . r ‘ é 


—y Liana See 8 WS hebbvdre of ate B LOD a judy e 
7 Oe tae Tike Weise fer) pees 

rong ht sued aed blxow gaiteeas Sat Vesansons2 eae 
y ; : : . ' Pain 7 J 
gttog obte ‘pauiaane ott. tse 


i | | ") ‘ Ls | | Su | e) Nh eae 7 es) At) my . | 
5" LA odd 1h eae te aunkas at wpiioaez Lies -oht “goubes 

wh heed ii s moe 

_ aes 


ly om sin SER He) ae sions aad mate 192 enol. ‘bow: J sadsond 30 
| / 


' ria - 


a 


1, 


y oD fo 
5 ee u pie ' 
¥ 7 ae * a Tiga 
iit guiviowal Baines syiiadoxe. is 


si iv ee 
iin ads nistqne seal 
Ih iio) ia 
i poss 


nt: i 


Pea 
7 ¥ ‘ ‘, ~ Poy hi WF Up 
7 7 > ae yiow ! J t 3 Ta) mere: ‘ie 


ins mas i‘ ao 


eae fo 


usually present in adjacent rocks, but not in the amphibolites. Large 
amounts of chlorite are not present or indicated, thus the pre-existing 
phase must still be biotite. Feldspar components could be introduced 
during metasomatism. The exchange with the actinolite rim would be 
facilitated by the fluid and the instability of biotite 1 in the 
presence of changing fluid composition. Textural evidence does not 
favor formation of biotite by metasomatism in the six rocks studied, 
although carbonate and calc-silicate rocks surrounding the amphibolites 
are clearly metasomatic. This author has interpreted these textures as 
evidence of differential mobility of alkalis in different rocks (Winzer, 
1973). It is considered that the reaction proceeds in small volumes of 
rock behaving as essentially closed systems, responding to changes of 
temperature and pressure following the thermal peak of metamorphism. 
The reaction and the development of the actinolite rim on the 
zoned amphiboles are further complicated by the possible existence of 
solvi within the actinolite-pargasitic hornblende series. Coexisting 
hornblendes and actinolites have been discussed most recently by 
Klein (1969), Cooper and Lovering (1970), Cooper (1972) and Read (1973) 


Cooper and Lovering (1970) and Read (1973) both document the existence 


of forbidden compositional regions within the hornblende~actinolite 


series. Fig. 6, a plot of coexisting amphiboles from several areas, 


indicates forbidden compositional areas, and thus possible solvi in the 


series hornblende, or pargasitic hornblende-actinolite. Read (1973), 


Pubithes basis. of,.70 analyses_of amphiboles from the chlorite zone of cen- 


tral and western Otago, New Zealand, has found a compositional gap in 


IV ; 
the actinolite-hornblende series in the range of Al = 0.6-0.9 ions to 
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at M(4) = 1.6Ca. There is some evidence for the presence of a solvus 
in the series actinolite-pargasitic hornblende in the central Kootenay 
Are and in the zoned amphiboles, vig. / isa plot of 40 amphibole 
analyses from regional metamorphic rocks and of rocks from the area 
discussed in this paper. All occur at or above the hornblende isograd. 
Tielines join coexisting pairs, one of which is plotted in Fig. 6 
(SLBT-22), There is a lack of analyses falling between Al!Y0,65 and 


ALLY 


1.2, with A-site occupancies of 0,35-0.4. 

This plot must be used with care since compositional controls may 
produce some of the compositional range shown, Only 31-38 (5LBT-22) and 
22-13 are pairs. 31-38 (5LBT-22) comes from just above the hornblende 
isograd; 22-13 comes from the area sampled for this study. These pairs, 
provided they coexist stably, are evidence for a solvus, but the stable 
coexistence of 31-38 (5LBT-22) is not certain. 

Examination of Fig. 4 reveals a range in composition for the zoned 
amphiboles of from all = 1.75, A-site occupancy = 0.69 to a1l¥ = O,95, 
A-site occupancy = 0.17. Recalling the textural relations for rim and 
core for T2-15 and 375-140W, wherein a Becke line was found, and the 
evidence from Fig. 7 and the studies of Read (1973) and Cooper and 
Lovering (1970), the zoning for T2-15 suggests a discontinuous series, 
with the interference of a solvus. 

The metamorphism in the central Kootenay Are is quite similar to 
that of the Otago area (Winzer, 1973), thus a solvus might be expected 
at the temperatures and pressures found in the Kootenay Arc. If a sol- 
vus exists in the actinolite-hornblende series as present evidence sug- 
The 


gests, then this solvus further complicates the reaction proposed. 


present author considers that the zoned amphiboles developed as follows: 
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The original core pargasitic hornblende formed, along with the other 
minerals in the rock during the last metamorphic event in the Kootenay 
Arc. Following this event, during cooling of the rock, the core horn- 
blende reacted with its coexisting minerals (or with a fluid), changing 
the composition of the rim in the direction of increasing actinolite. 
In some grains, the reaction ceased with only slight zoning produced, 
but in others, the reaction continued until the composition of the rim 
intersected the solvus, whereupon a new actinolite on the other side of 
the solvus would nucleate as a phase separate from the composition of 
the rim of the zoned grain. The reverse of this situation would occur 
during prograde retecions involving actinolite and hornblende across 
the hornblende isograd, in regions where the physical conditions are 
such that the solvus would be intersected. 

The mechanism for producing the zoned amphiboles is thus more 
complex than that of Hollister (1966, 1969) for garnet and staurolite 
zoning. It is closer to the model of Atherton and Edmunds (1966), where 
the zoning is produced by a change in equilibrium conditions for the 
rock, The core hornblende is "vefractory" in the sense of Hollister 
(1969) at the initiation of the reaction and perhaps for a portion of 


the period for which the reaction runs, for it gives up material used 


in the formation of the actinolite rim. The hornblende core would 


rapidly become isolated from the rest of the rock by growth of the 


actinolite rim. The reaction further differs from the type producing 


zoned garnets in that, for the hornblende-actinolite zoning, the inter- 


ference of a solvus complicates the exchange. Further work is being 


done, both on reactions producing zoned amphiboles and on the definition 
> 


of the solvus of the region. 
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Appendix 1 


PETROGRAPHIC DESCRIPTION 


This description applies to all rocks examined in this study. See 


Table 1 for mineral percentages and other details. 


All rocks are holocrystalline-lepidoblastic to nematoblastic 


foliated biotite amphibolites. 


Amphibole (hornblende) is anhedral to subhedral, usually with 


embayed boundaries. Grains are commonly poikilitic, enclosing quartz, 
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biotite and plagioclase, All grains are zoned with cores pleochroic 
eo yellowish-green to greenish brown, @ = ¥ (usually) green or yellow 
green but in 375-140W B = yellow green and ¥ = dark green or olive 
green. Rims are pleochroic #« paler green, sometimes with a bluish 
tinge, @ = ¥ yellow green or green. Some rims disappear on rotation 
of the stage because the ¥ absorption colors for the rim are the same 
as for the core. Rims poikilitically enclose quartz and biotite (some 
grains) while in others the actinolite rim separates the core from 
another hornblende. Very fine, colorless cummingtonite is exsolved in 
the cores of T1-9a, T2-15 and 375-140W. 

Biotite is euhedral to subhedral and about 1-2 mm long. It is 
pleochroic red or brownish red to yellow brown or colorless. Biotite 
is commonly enclosed in the rim, sometimes in the core of the amphiboles. 
Chlorite (penninite) occurs as an alteration product of biotite, 
and is found in cleavage traces of biotite. In some cases it replaces 
over half the grain. Plagioclase is anhedral and may be either twinned 
or untwinned. It occurs both in "veins" and scattered throughout the 
rock. Some grains are normally zoned. Microcline has the same habit 
as plagioclase. Microcline twinning occurs in patches in an otherwise 
untwinned grain. Epidote occurs in only two sections. It is poikilitic, 
irregular and anhedral and appears to be being absorbed by growing 
hornblende. Chemically this mineral lies between epidote and clinozoi- 
sce, but optically it is identifiable as epidote. Sphene occurs in 


all amphibolites as subhedral to euhedral grains up to 2 mm long. 
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TABLE 1. MODAL 
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TABLE 2, ELECTRON MICROPROBE ANALYSES OF ZONED AMPHIBOLES 
FROM KOOTENAY LAKE 


Rim Core Rim 

T2-15 1 2 3 4 5 6 7 8 9 10 

Sid, 47.58 SiS05-00.83" « 843.59 43007) 44.04 47.99 47.55 47.25 48.04 
Ti09 41 M2 a ek -76 «dD «fd LAS) .OSul aie s9 ef 
A1903 OO, poms (55008 01.24: DOB 11.11 104: 7365. 8.15) 7.77 
FeO 14564) W282 12.576 005.67 15.698.15.60 5.55 14.02°14214 14202 
MnO 34 34 34 . 36 Pe - 36 300 | oo 200) Be 
MgO 12.85 14,51 14.589, 20.59 107690 10.70 2397 T2c7L 12,59) £2595 
Cad 12018 22.32 12.44 121.89 12. 75011.90 Ive le. Uecte.cie eee 
NaJO 83 52 047 1e23 123s 1514 1.144 «84 “YA . 80 
K,0 .67 031 34 1.09 83127 2.12 R210. 262° 1,99 «a9 
Total 98.3 97.15 96.96 96.44 95.62 96.75 102.91 96.2 96.42 97.09 


Structural formula on the basis of 23 oxygens 


Si 6.958 7.437 7.422. 6.594 6.592 6.631 6.733 7.087 7.031 7.087 
Al 1.042 95637 .5S78,001.046 1840601.369 B.0R@67 913 -.969 °913 
Total 8 8 8 8 8 8 8 8 8 8 

Al ‘474 F304 283.999.5986 .575% 603 £599 .430 .465 .439 
aL 045. 4023 «023.925.0987 20886 .087 .078 .043 .043 .042 
Fe 1.790 1,561 1.558 1.983 1.993 1.964 1,825 1.748 1,759 1.730 
Mn 042 (042 .042. | .047 .048 .045 1043 .044 .044 .044 
Mg 2.800 3.151 3.174 2.388 2.412 2.402 2.713 2.824 2.783 2.847 
Total 5.150 5.081 5.080 5.103 5.116 5.101 5.218 5.089 5.094 5.102 
Ca 1.908 1.924 1.947 1.928 1,923 1.920 1,807 1.929 1.947 1.926 
Na 935 $146 .133.077.361 13659 .334 $5104, 285, 2220 2228 
K 125.061 .062 «211 .218 .216 rs Co ani 2 gee sare Bh 


Total 9.268 2.131 2.142 2.500 2.506 2.470 2.324 2.289 2.281 2.265 
Biee 2908, 20131. 2.142 2.200 © 
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TABLE 3. BIOTITE ANALYSES 


T2-15 240-137E 375-140W 


SiO, 37.47 37.67 37.25 
Tid, 2.59 1.74 1.87 
B1j04m 115.11 16.12 16.07 
FeO 18.30 13,07 i boy Ws 
MnO 224 eal 14 
MgO 12.04 15.96 13.36 
CaO 109 . 06 tr 
Nao 16 sou 10 
K50 9.73 9.80 9.70 
F ape 326 1395 
cl .07 #03 0 

Total Eerie) 95 317 96.41 


Ions per 22 oxygens 


Si 5.667 5.602 5.636 
A1IV 2,333 2.398 2.364 
Total 8.000 8.000 8.000 
ave . 360 428 502 
Ti 295 195 3 
Fe 26315 1.626 2.021 
Mn .031 014 .018 
Mg 2.714 3.538 3.013 
Total’ 45.714 5.800 5.767 
Ca 015 010 0 
Na .047 .101 .029 
K 1.877 1.859 1.872 
Total _1.939__i.970 _1.902 
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TABLE 2. ELECTRON MICROPROBE ANALYSES OF ZONED AMPHIBOLES FROM KOOTENAY LAKE 
Rim Core Rim Adj.grain im Core 
hatha. mttaer ee ee ee [ie aes oe oes Garant Die <r eet a ee ase re 
T2=15-1. 2 3 4 > 6 Z 8 9 10 =T4-4b-1 2 3 4 5 6 7 

Si0, 47.58 51.05 50.83 43.59 43.17 44.04 —47.99 47.55 47.25 48.04 40.73 40.76 43.16 Glell 41.29 41.14 41.08 
TiO, -41 week ay A - 76 76 Aa oa! 73 - 38 pre *) -38 1.02 Bets) 46 de > dL gUees teil Oy helo 
A1,0, Dome US sU0 ieee ls Oe ted, LieO0G 7205 Seles ger? 13.95 AS. 50 21549 15.07 29557 2oee0 eres 
Fed 14,.04.12.62.12.76.15.67 15.00 -15.60,.15.55,14.02..14.14 14402 17<99 18507 147 o36y27299417694-37568 17.78 
MnO 34 34 -34 - 36 gat - 36 - 36 332 «35 €35 o27 cay $26 27 se 7 627 29 
MgO DZ eG wee 5121455 1059 210.6. gles Lae D helen dig lh? Soe12. 05 8.75 8270 10:09 8387 8220 8e57 8.86 
CaO Zc Ow ee se elo ol 89 e175 ld. 90 eel 2 02a 20S Loe? el? ale 11369 9his554b2 903 51.2907 441 0625 il e603 21.74 
Na,0 . 83 aoe aN gg rr SP A an es 114 . 84 af Z -80 L365 9138s ol hl (st 423 eal B41 pal ol 134 
K,0 Ae aes suo loo ee dwt? pada 2 1.10 «62 «59 «59 Lasgo. 1993: ° 1306. 51939 Siaa7 aiaas Leze 
Total 98.30 97.15 96.96 96.44 95.62 96.75 102.91 96.20 96.42 97.09 96071 96466 97503 96.475 97202 96245 96.72 
Structural Formula on the basis of 23 oxygens 

St Gaia whe jade Os 294650 aD taba 6. 733172087 7.031 77087 6.247 6.256 6.252, 6.306..6.903 6.511 6.289 
Al Be O42 . 00 063050578 1.4061. 408 1. 369-001267 5 1913. 2969. 913 Lahti 3cl f44 <1 458 91 3694 o] 2697 «1 2689 1.711 
Total 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 
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TL OF 2 Se OLS ke 08 lee U0 eG? -O764 -043y .043.. 2.042 AELS -wht3 992-- S082. Sel. ely 126 
Fe Mel Fipetl SO dae DI Ole DOS al 99 3 ol 9645.1 Ca Dele (4S als 1 591 2 OO 2308 24320 25200 22308 24289 24269 2.276 
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TABLE 2. ELECTRON MICROPROBE ANALYSES OF ZONED AMPHIBOLES FROM KOOTENAY LAKE 


Rim 


Core Rim Rim Core 

SPOS lc eprint to RR A as eee eae ae Ngee co eee - @... ee kk ee 

T4-4b8 9 240-137 2 3 4 5 6 4 8 9 10 325-170W y 2 4 5 
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Ti05 -81 ~45 - 82 - 85 PS Sl OEE, O1 Sac ME BS Vagal Bi) i lore! Go U4 our 85 ~39 soy ~33 ay i at A aa ry 8 
ALGO 45s 26701 S439 9125911258458 2 £9 9813 FE < 913706" P2596 T2578 "i226" 12545" "9556" 9.956 6.27 Lesko t2.o) tea od 
Fed L/egI SE] COGtEL SZ SPL OZ ALL SGS ALL e747E1 £83 °2E1 565 "11 2659115691 157821087613 e lo l2.1e 1o6ce 63.0, keto 
Mn a ad -26 walk ap as ook 224 sed Py o2k Py a ee | ph, GrAls 4 24 es | ob 
MgO Cato Peo aos REZ S57 Fi2 C49 MLZ 52 0T2 . S382. 39 eZ. SSeL2 Ge VEZ. 6992. 64914 55 “23.47 “13.72 best Lista Lose 
Cad DPSC9 2196 SEZ 242202 96882 225 -12 5360 bl e358 12 P4971 2 935 912345 "12959 712 86S "127 ot 2s 09 L2sgo Leos aee0e 
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STRUCTURAL FORMULA ON THE BASIS OF 23 OXYGENS 
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ELECTRON MICROPROBE ANALYSES FROM KOOTENAY LAKE 


Core 


Cl OE eee oe 


TABLE.2; 
Rim Adjacent grain 
Paes as | 
ig, ge ln MS ae ya ene te 

S10 43.53 45.22 43.41 43.38 43.42 42.42 41.81 
Ti0, “1.13 9.68 .93 1.17 1.05 .66 9.88 
A503 11.74 11.37 12.4 12.42 12.4 12.82 12.76 
FeO 14.37 14.18 14.29 14.17 14.15 16.95 16.89 
Mee. Uheag 29,33 19,09 32,9900, 39 22,09 12,08 
MgO 10.95 11.62 10.98 10.93 11.02 9.69 9.38 
a0. 0.74 13,03 12.96 10097 12191-1203 12.08 
feo Mi. dT 0.00 £1.05 41,08 1145 ia) 11% 
Meo) 00 8G 105 1.05 2,01 “Tag _ 1.4 
Total 95.82 97.39 96.69 96.73 96.62 97.27 96.45 
STRUCTURAL FORMULA ON THE BASIS OF 23 OXYGENS 
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Seca s-09d 6-006 G49) Gi Ut9. 6.543 B.505-S 
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i 3-6 2108 AS? .238 075 «ioe 
Fe 1.814 1.754 1.790 1.773 1.772-2.143 2.157 
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Mg -2.463 2.56q 2.452 2.437 2.459 2.184 2.134 
Total 5.093 5.084 5.069 5.055 5.066 5.130 5.107 
Ca «1.898 1.937 1.968 1.96 1.958 1.946 1.953 
Na 355.292 305 334.334.334.338 
K 5277 2161 1229 +201 1492 .256 4273 
Total 2.430 2.390 2.493 2.495 2.484 2.536 2.564 
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TABLE 2. ELECTRON MICROPROBE ANALYSES FROM KOOTENAY LAKE 

Rim Core ) Rim Adj. grain 

T1-9al 2 3 4 5 6 7 8 9 10 sat 
Si0, RETO? ba. - 43-54 43254 49.505. 49.09 45.6 46,57" 50,07 49.68 42.51 
Ti09 ple) S02 Ret 02 109) “1.06 .27,082 15.02 wou! =o7 2-66 = 1:00 
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MgO 15. 34011.69 1i.79y11e8S 14.94011492 12.04, 13.37 15.26, 14.69 21.44 
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K50 39 a2 9 .87 =O HOD 82 one s02 059 =1.01 
Total 95.28496043 97.03 96264 97.02 97817 97.34 100. 32100. 29103.6795.0 
STRUCTURAL FORMULA ON THE BASIS OF 23 OXYGENS 
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Total, 52102°5.078- 5.268 5.081 -5.031. 55073 5. 08155<.142° 5.08 -5.262 5.051 
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Mota a0 ioc? 50 52 5 18 9 $9059. 582 2. 509.2,499 2.6373 2.358 2,108 2.583 
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TABLE 3. 

T4-4b 
S10, 36.16 
Ti0, 2.04 
A150, iis pe) 
FeO L757 
MnO 4: Be) 
MgO 11.64 
CaO 06 
Na,0 pap 
K90 9.46 
F .08 
Cl 04 
Total 92.48 
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T4-8b 
36.30 
1.66 
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.29 
.04 


92.92 
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FIGURE CAPTIONS 


Fig. 1 Metamorphic map, Kootenay Bay, British Columbia 


Fig. 2 Camera lucida tracing for T2-15. Numbered dots correspond to 


Fig. 


3 


station points in Fig. 3. Heavy line is the optical boundary of 
the grain; the lighter line enclosed by it is the approximate 
optical boundary of the core hornblende. The tracing shows the 
textural relationships of the other minerals in the slide. 
Station plot for T2-15. Stations as located in Fig. 2. Detted 
lines are interpolated from intensity traces. Transitions 
between stations 3 and 4 take place over a distance of about 

20 microns. 

Tetrahedral Al against A-site occupancy plots for all grains 
studied. A-site occupancy calculated as Na + K, 

T2-15. See camera lucida tracing for station locations (Fig. 2). 
Points 1, 2, 3, 7, 8, 9 and 10 are optically identifiable as 
actinolite. The change occurs over a distance of about 20 
microns between WS 3 and 4 and about 50 microns between 


stations 6 and 7. The optical boundary is sharper than for 


less radically zoned amphiboles. A poorly defined Becke line 


is present between points 3 and 4. 

375-140W. This is a composite grain, with the optical boundary 
with the adjacent grain lying between points 7 and 8. The 
separation is marked by tremolite, and another tremolite is © 
present in the rim between points 2 and 3. These tremolites 
are not shown in this plot; they appear on the intensity traces 
for the mineral. Stations 1, 2 and 7 are optically identifiable 


as actinolite. Stations 8, 9 and 10 are located on the adjacent 
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grain. Transitions between rim and core take place over a 
distance of about 20 microns. Transitions between actinolite 
and tremolite occur over a distance of less than 10 microns. 
240-137E. All stations except 10 are optically identifiable 
as hornblende. The transition between station 9 and station 
10 is gradual, occurring over a distance of 60 microns. The 
optical transition is marked by gradual paling of the dark 
green hornblende. 

T1-9a. This is a composite grain with the optical boundary 
at point 10. Totals for points 8, 9 and 10 are somewhat high, 
which may explain the deviation of points 9 and 10 from the 
general zoning trend. Points 1, 8, 9 and 10 are optically 
identifiable as actinolite. Transition takes place over 50- 
75 microns. The optical boundary is fuzzy, but sharper than 
those of the less radically zoned amphiboles. 

T4-4b. This is a composite grain, with points 1 and 2 
located on an adjacent zoned amphibole of nearly the same 


composition. Points 3 and 9 are optically identifiable as 


actinolite. 


T4-8b. Only station 10 is identifiable as actinolite optically. 
The transition occurs in about 30 microns. The optical boundary 
is not sharp. 

Plots of Mg/MgtFe and Ti/TitFe for the core and the rim of each 
amphibole grain and coexisting biotite. The biotite is generally 
located within 1 mm of the hornblende except for 240-137E and 
T4-8b where only a few flakes of biotite appear in the entire 


slide. 
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Fig. 6 Tetrahedral Al against A-site occupancy plot for coexisting 


Fig. 7 


paris of actinolite-hornblende taken from the literature and 
another location in the Kootenay Arc, ° A-site occupancy is 
calculated as Na + K, 

X from Klein, 1969 

Afrom Cooper and Lovering, 1970; Cooper, 1972 

@this study (5LBT-22). 5LBI-22 is composed of hornblende- 
actinolite albite-biotite and sphene. Actinolite is present 

as a separate phase and also as rims surrounding pargasitic 
hornblende cores. Contact between actinolite grains and parga~ 
sitic hornblende grains (unzoned) is sharp. 

It should be noted that the amphiboles present represent 
different parageneses, especially those of Klein. Haast River 
amphiboles and paragenesis are quite similar to those of the 
Kootenay Arc. This plot indicates a solvus in the hornblende- 
actinolite series. The position of the solvus may be a func- 
tion of temperature and pressure as well as crystal chemistry 
(see Shido and Miyashiro, 1959; Compton, 1956 sek Vein, . 1969; 
and Cooper and Lovering, 1970). The position and width of the 
solvus may be a function of temperature, pressure, composition 
and paragenetic history. 

Plot of A-site occupancy against tetrahedral Al for 40 amphi- 
boles from the central Kootenay Arc. A-site occupancy calcu- 
lated as Na + K. 31-38 and 13-22 are parts. 31-80x1s plotted 


on Fig. 6 as 5LBI-22. 
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